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ABSTRACT 
R e s t r i c t i n g the l o c a l o s c i l l a t o r t o a s i n u s o i d a l c u r r e n t d r i v e the 
performance of f o u r types of l a t t i c e mixers i s examined by d e r i v i n g closed 
form equations (as compared w i t h the usual n u m e r i c a l computer-aided 
approach), the e f f e c t s of the diode p a r a s i t i c s being i n c l u d e d . 
I t i s shown t h a t the d u a l i t y between Z and Y and between G and H mixers 
i s not g e n e r a l l y v a l i d (as has been assumed by s e v e r a l workers) except when 
the diode i s regarded as having b i - l i n e a r or e x p o n e n t i a l c h a r a c t e r i s t i c s 
and i n a d d i t i o n the e f f e c t of the diode p a r a s i t i c s i s n e g l e c t e d . I t i s 
concluded t h a t the H l a t t i c e mixer o f f e r s the best p o s s i b i l i t y of producing 
the lowest conversion loss i n p r a c t i c e . 
The e f f e c t of the diode r e a c t i v e p a r a s i t i c s (diode package and j u n c t i o n 
capacitances) on the performance of l a t t i c e mixers i s also examined. I n a l l 
the known l i t e r a t u r e , the diode capacitance p a r a s i t i c s are o n l y i n c l u d e d i n 
s m a l l - s i g n a l a n a l y s i s and t h e i r e f f e c t on t h e l o c a l o s c i l l a t o r waveform i s 
ignored. I t i s shown, however, t h a t the main e f f e c t of the diode c a p a c i t i v e 
p a r a s i t i c s i s t o modify the l o c a l o s c i l l a t o r c u r r e n t waveform present a t 
each diode. I t i s f u r t h e r shown t h a t t h i s e f f e c t has a considerable 
i n f l u e n c e on the performance of l a t t i c e m i x ers. 
M i c r o s t r i p c o u p l e d - l i n e s c o n s t i t u t e a fundamental b u i l d i n g b l o c k f o r 
the r e a l i z a t i o n of f i l t e r s a ssociated w i t h i m a g e - r e j e c t i o n m i x e r s . The 
design i n f o r m a t i o n on such l i n e s i s n o r m a l l y presented i n g r a p h i c a l _fonn 
and o n l y f o r p a r t i c u l a r values of r e l a t i v e p e r m i t t i v i t i e s of the s u b s t r a t e . 
To overcome t h i s problem an a n a l y t i c a l s o l u t i o n has been developed which 
r e l a t e s the p h y s i c a l dimensions of the l i n e s t o the odd and even-mode 
impedances. 
Based on the t h e o r e t i c a l a n a l y s i s presented, broadband and narrow-band 
m i c r o s t r i p l a t t i c e mixers were r e a l i z e d and t h e i r performance i n v e s t i g a t e d 
f o r d i f f e r e n t t e r m i n a t i o n s a t the i . f . p o r t . A good agreement was obtained 
between the t h e o r e t i c a l l y p r e d i c t e d r e s u l t s and those obtained i n p r a c t i c e . 
As a r e s u l t of the above work, f o u r papers have been publi s h e d by the 
I n s t i t u t i o n of E l e c t r i c a l Engineers and one by the I n t e r n a t i o n a l J o u r n a l of 
E l e c t r i c a l Engineering Education and these are l i s t e d i n Appendix X. 
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CHAPTER I 
Background Review of Mixer Theory and Aims 
1.1 Introduction 
A heterodyne technique of converting a high frequency ( r . f . ) s i g n a l to a 
lower intermediate frequency ( i . f . ) to ease the problem of amplification 
and frequency s e l e c t i o n i s often used i n communication r e c e i v e r s . Such 
frequency conversion i s obtained by coupling a l o c a l o s c i l l a t o r drive 
and r . f . s i g n a l into a non-linear c i r c u i t to generate (amongst others) 
an i . f . frequency. A network containing the non-linear elementCs), the 
means of i n j e c t i n g an r . f . s i g n a l , the l o c a l o s c i l l a t o r d rive, and the 
means of extracting the i . f . i s c a l l e d a mixer. An important consideration 
i n the design of a communication system r e c e i v i n g low-level r . f . s i g n a l s 
i s i t s noise performance. 
I t has been shown by F r i i s [YJ that the o v e r a l l noise fa c t o r of a r e c e i v e r 
co n s i s t i n g of a mixer followed by an i . f . a m p l i f i e r , assuming that the 
l o c a l o s c i l l a t o r noise i s suppressed, i s given by, 
F " L ( tN + F i . f . " X ) I - 1 
where L i s the conversion l o s s of the mixer, t ^ i s the noise temperature 
r a t i o of the mixer, and F. i s the noise factor of the i . f . a m p l i f i e r . 
Equation 1.1 in d i c a t e s that a low o v e r a l l noise f a c t o r of a r e c e i v e r i s 
obtained i f the mixer has a low conversion l o s s and low noise temperature 
r a t i o . Over the years, a considerable amount of attention has been devoted 
to the design and a n a l y s i s of high frequency mixers and a general review 
of t h i s work i s presented here. 
Frequency conversion maybe obtained by using elements which e x h i b i t e i t h e r 
non-linear r e s i s t a n c e or non-linear reactance c h a r a c t e r i s t i c s . Edwards 
C2I has shown that devices having non-linear reactance c h a r a c t e r i s t i c 
should be used i n frequency up-conversion w h i l s t devices having non-linear 
- 2 -
resi s t a n c e c h a r a c t e r i s t i c s should be used i n frequency down-conversion. 
Consequently v a r a c t o r diodes are used i n par a m e t r i c frequency up-
conversion o f power from a lower to a h i g h e r frequency, w h i l s t r e s i s t i v e 
diodes, j u n c t i o n t r a n s i s t o r s o r f i e l d e f f e c t t r a n s i s t o r s are employed 
i n mixers t o convert power from a h i g h e r t o a lower frequency. 
P o i n t - c o n t a c t diodes were used e x t e n s i v e l y i n high-frequency mixer 
c i r c u i t s b efore the advent o f S c h o t t k y - b a r r i e r diodes. The advantages 
of the S c h o t t k y - b a r r i e r diodes are t h a t they have a n e a r l y i d e a l 
e x p o n e n t i a l c u r r e n t - v o l t a g e c h a r a c t e r i s t i c and a hi g h reverse r e s i s t a n c e . 
These d e s i r a b l e p r o p e r t i e s of the S c h o t t k y - b a r r i e r diodes have l e d to a 
renewed i n t e r e s t i n mixer c i r c u i t s r e s u l t i n g i n a s u b s t a n t i a l improvement 
i n mixer performance. B i p o l a r microwave t r a n s i s t o r s are also to be found 
as n o n - l i n e a r elements i n mixer c i r c u i t s . Although they o f f e r the 
p o s s i b i l i t y of conversion gain r a t h e r than conversion l o s s , t h e i r noise 
f i g u r e i s h i g h e r than t h a t of the S c h o t t k y - b a r r i e r diode. Recently, 
considerable a t t e n t i o n has been focused on the development o f GaAs FETs 
and MESFETs as they appear to o f f e r performances at l e a s t comparable w i t h 
t h a t of the S c h o t t k y - b a r r i e r diodes. At pre s e n t , however, because of 
t h e i r n e a r l y i d e a l p r o p e r t i e s , S c h o t t k y - b a r r i e r diodes are s t i l l w i d e l y 
used as n o n - l i n e a r elements i n mixers. 
The behaviour o f diodes under the i n f l u e n c e o f a l o c a l o s c i l l a t o r d r i v e 
and r . f . s i g n a l maybe described by n o n - l i n e a r equations. Although 
s o l u t i o n s to such general equations can be attempted u s i n g a n a l y t i c a l or 
numerical techniques, i t i s extremely d i f f i c u l t t o determine the general 
p r o p e r t i e s of mixers u s i n g t h i s method. The diode i n a mixer i s d r i v e n 
however by a l o c a l s i g n a l which i s much g r e a t e r than the r . f . s i g n a l 
and consequently, the d r i v e across each diode i s e s s e n t i a l l y t h a t o f 
the l o c a l o s c i l l a t o r w i t h small superimposed p e r t u r b a t i o n s of the r . f . 
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s i g n a l . To a f i r s t approximation, i t i s therefore possible to analyse 
the performance of mixers by trea t i n g the pumped diode as a time-varying 
parameter rather than a non-linear element. Linear theory can then be 
applied to the small perturbations produced by the r . f . s i g n a l . 
A number of authors have analysed the performance of single-diode 
mixers by assuming that the diode has b i - l i n e a r c h a r a c t e r i s t i c s , i . e . 
low forward res i s t a n c e and high, reverse r e s i s t a n c e . As a r e s u l t , the 
time-varying re s i s t a n c e of the pumped diode i s independent of the 
magnitude of the l o c a l o s c i l l a t o r drive and has a rectangular waveform. 
The theory and performance of mixers have also been developed by several 
workers [8-12^| on the assumption that a diode obeys an exponential law. 
Consequently the waveform of the time varying resistance of the pumped 
diode i s no longer independent of the l o c a l o s c i l l a t o r drive, and i s 
therefore no longer rectangular. A simpler representation of the diode 
was suggested by Strum (II] i n h i s analysis of a single diode mixer. 
He proposed that the diode i n i t s reverse c h a r a c t e r i s t i c has a constant 
high, r e s i s t a n c e , but i n i t s forward c h a r a c t e r i s t i c s the rel a t i o n s h i p 
between the current i and voltage v i s expressed i n the form i = Kv 
where K and x are constants. 
The e f f e c t s of diode p a r a s i t i c s on the performance of single and multi -
diode mixers has been considered by several authors (j3, 10, 14-2o]. An 
important multi-diode mixer i s one where the diodes are arranged i n a 
l a t t i c e configuration. I d e a l l y , only even modulation-harmonics appear 
at the r . f . port and odd modulation-harmonics appear at the i . f . port 
(12]. The properties of t h i s type of mixer driven by a sinusoidal voltage 
l o c a l o s c i l l a t o r have been investigated by several authors , assuming 
that the diodes have b i - l i n e a r c h a r a c t e r i s t i c s . Kulesza [2lj included 
i n h i s a n a l y s i s the e f f e c t of the diodes' s e r i e s r e s i s t a n c e for a current-
- 4 -
driven l a t t i c e mixer, assuming that the diodes obeyed an exponential law. 
The noise performance of mixers using a r e s i s t i v e diode model was i n i t i a l l y 
investigated by S t r u t t [22J, and l a t e r by Messenger and McCoy (jQ» ^ n 
both cases, the e f f e c t s of the diodes* s e r i e s r e s i s t a n c e and the diode 
reactance p a r a s i t i c s were neglected. A more general ana l y s i s of noise 
i n mixers which included the e f f e c t of diode s e r i e s r e s i s t a n c e and 
diode junction capacitance was given by Barker Qo]. The noise performance 
of a mixer i n terms of a time-varying conductance and time temperature was 
i n i t i a l l y analysed by Dragone [23J. Stracca then applied these 
concepts to predict the noise performance of common mixer c i r c u i t s , and 
h i s work was extended by Rustom and Howson [5fQ who used an improved 
model of a diode. They concluded, following a computer-based a n a l y s i s , 
that H or G mixers with a l o c a l o s c i l l a t o r current drive show most 
promise i n r e l a t i o n to low-noise performance of a communication system. 
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1.2 Mixer Terminology 
1.2.1 Frequency Nomenclature 
A d i s t o r t i o n - f r e e mixer generates modulation products which are i n the 
form u) = nw ± OJ where ID and OJ are the pump and s i g n a l n p q p q 
frequencies, r e s p e c t i v e l y , and n i s an i n t e g e r having values n = 1, 
2, 3,* .... The frequency, OJ^, corresponding t o n — 1 has a form, 
w + u> or w - o) . To d i s t i n g u i s h between the two cases, i f the p q p q 
frequency i s + 0 ) ^ then the process i s c a l l e d n o n - i n v e r t i n g 
conversion, but i f i t i s a) - OJ then the process i s c a l l e d i n v e r t i n g 
P P 
conversion. A modulator can be used t o t r a n s l a t e f r e q u e n c i e s e i t h e r 
up or down the frequency spectrum. I f the output frequency i s h i g h e r 
than the s i g n a l frequency then the modulator i s c a l l e d an up-converter 
w h i l e i f i t i s l e s s , the modulator i s c a l l e d a mixer. Due t o i t s 
p o s i t i o n i n the frequency spectrum an important frequency component i n 
a mixer corresponds t o n equal t o two and i s c a l l e d an image frequency. 
The frequency n o t a t i o n used f o r a down converter mixer i s shown i n F i g u r e 1.1, 
1.2.2 Diode C o n f i g u r a t i o n s of Mixers 
The single-ended mixer uses one diode s i t u a t e d i n the mount of a waveguide-
c o a x i a l t r a n s f o r m e r . The l o c a l o s c i l l a t o r d r i v e and the r . f . s i g n a l 
are coupled i n t o a waveguide s e c t i o n , w h i l e the i . f . frequency i s e x t r a c t e d 
v i a c o - a x i a l o u t l e t . This type of mixer i s v e r y simple i n c o n s t r u c t i o n 
but s u f f e r s from the disadvantage of poor frequency s e l e c t i o n as i t maybe 
d i f f i c u l t t o r e j e c t t h e l o c a l o s c i l l a t o r and s i g n a l f r e q u e n c i e s at the 
i . f . p o r t due t o the l e v e l d i f f e r e n c e s i n v o l v e d . 
I n a single-balanced mixer, the l o c a l o s c i l l a t o r s w i t c h i n g a c t i o n i s such 
t h a t the u n f i l t e r e d output does no t c o n t a i n even modulation products of 
the l o c a l o s c i l l a t o r , or the l o c a l o s c i l l a t o r frequency. T h i s suppression 
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of the even modulation products i s obtained by using two diodes and a 
balancing t r a n s f o r m e r . At h i g h frequencies the b a l a n c i n g transformer 
i s replaced by a magic T f o r a waveguide s t r u c t u r e or a h y b r i d r i n g 
i n microwave i n t e g r a t e d c i r c u i t technology. An advantage of a s i n g l e 
balanced mixer i s t h a t the noise produced by the l o c a l o s c i l l a t o r i s 
minimised i f two matched diodes are used. 
For a double-balanced or a l a t t i c e mixer, the l o c a l o s c i l l a t o r d r i v e 
acts on a l a t t i c e network of diodes so as to a l t e r n a t e l y reverse the 
path of the c a r r i e r . The u n f i l t e r e d output t h e o r e t i c a l l y does 
not c o n t a i n even modulation products, l o c a l o s c i l l a t o r or s i g n a l 
frequencies. A f u r t h e r advantage i s t h a t owing to the symmetry o f the 
c i r c u i t , o n l y even-order modulation products are present at the i n p u t 
p o r t , and only odd-order modulation products are present at the output 
p o r t . The s e p a r a t i o n o f the even and odd products aids the f i l t e r i n g 
process o f the mixer. Formerly l a t t i c e mixers were only used at low 
frequencies, as i t was d i f f i c u l t a t r . f . frequencies to s e l e c t a matched 
quad of diodes. However, w i t h recent technology, a s i n g l e package o f 
f o u r matched Schottky b a r r i e r diodes i s a v a i l a b l e and, as a consequence 
i t i s p o s s i b l e t o o b t a i n low noise f i g u r e s f o r l a t t i c e mixers. The 
diode mixer c i r c u i t s f o r the three b a s i c c o n f i g u r a t i o n s j u s t discussed 
are shown i n f i g u r e 1.2. 
1.2.3 Mixer C l a s s i f i c a t i o n 
The mixer, as f a r as the small s i g n a l s are concerned may be p h y s i c a l l y 
represented as a l i n e a r t i m e - v a r y i n g two-port network. F u n c t i o n a l l y , 
however, because s e l e c t i v e t e r m i n a t i o n s are no r m a l l y employed, the mixer 
behaves as a t h r e e - p o r t network having separate p o r t s f o r the s i g n a l , 
i n t e r m e d i a t e and image frequencies. I t i s p o s s i b l e i n p r a c t i c e t o o f f e r 
d i f f e r e n t t e r m i n a t i o n s a t the image p o r t which c o n s i d e r a b l y a f f e c t s the 
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performance of a mixer. 
Three types of image terminations are normally considered, leading to 
three b a s i c types of mixers. 
1. I f the termination a t the image port of the mixer i s the same as 
that at the r . f . s i g n a l port, but a l l other frequency products are 
f i l t e r e d out, then i t i s c a l l e d a broadband mixer |12]. This c i r c u i t 
t h e o r e t i c a l l y has a minimum conversion l o s s of 3 db. 
2. A narrow-band image open-circuit mixer has a termination which 
presents an open-circuit at the image port. For t h i s c i r c u i t the 
t h e o r e t i c a l minimum conversion l o s s i s zero db. 
3. A narrow-band image s h o r t - c i r c u i t mixer has a termination which 
presents a short c i r c u i t at the image port. For t h i s type of mixer 
the minimum t h e o r e t i c a l conversion l o s s i s again zero db. 
Three other types of mixer have also attracted attention. 
I n the Harmonic Mixer, the desired output frequency i s nw - OJ , where 
— p q 
n i s u s u a l l y two {ioj. 
I n the Image Recovery Mixer, the power at image frequency i s converted 
to intermediate frequency. The-eonversion i s obtained by r e f l e c t i n g the 
image frequency by a f i l t e r back into the mixer, and mixing again with 
the l o c a l o s c i l l a t o r frequency producing the required intermediate 
frequency {26>] . 
F i n a l l y , i n the Image Cancelling Mixer, two non-linear elements or mixers 
are arranged so that the image power generated i n one i s converted to 
intermediate frequency i n the other, and v i c e - v e r s a [27]. 
Balanced mixers have also been c l a s s i f i e d according to the terminations 
offered to the undesired out-of-band frequencies ] l 2 ] . D i f f e r e n t 
configurations of frequency-selective terminations of the input and 
output ports to the out-of-band modulation frequencies lead to four types 
Q2I 
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of mixer, Z, Y, G and E. The l e t t e r notation corresponds to the type 
of two-port network parameters which must be used to describe the mixer 
Csee Figure 1.3). 
For the Z mixer a l l out-of-band modulation products at the input and 
output ports are f i l t e r e d out by tuned c i r c u i t s which behave i d e a l l y as 
open c i r c u i t s at these frequencies. The matrix equation describing the 
Z mixer i s given by, 
v l 
V 2 
= z 
m* mm 
I n the Y mixer the tuned c i r c u i t s at the input and output ports act 
as short c i r c u i t s for a l l out-of-band modulation products, and the mixer 
i s described by the following matrix equation. 
I . 1 1 
SS Y 
h V 2 
mmmt 
For the H mixer, a l l odd-order out-of-band modulation products at the 
input port see an open c i r c u i t while a l l even-order out-of-band modulation 
products at the output port see a short c i r c u i t . The matrix equation 
describing the rH f mixer i s given below. 
m mm 
I , 1 
ss H 
1 
h V 2 
m mi - - _ mm 
The G mixer i s a dual of the H mixer i n that a l l odd-order out-of band 
modulation products at the input port see a s h o r t - c i r c u i t , while a l l even-
order out-of-band modulation frequencies at the output port see an open 
c i r c u i t . The matrix equation describing the G mixer i s therefore, 
pll — G 
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1.2.4 Mixer Performance C r i t e r i a 
The desirable mixer performance i s low conversion power l o s s , noise figure 
and d i s t o r t i o n . 
The conversion power l o s s ( c . p . l . ) i s a measure of the losses that occur 
i n the process of frequency conversion i n a mixer. I t i s defined as the 
r a t i o of the available power at r . f . frequency to the output power at 
intermediate frequency. 
c 1 - 10 lo Available Input Power at Radio Frequency ^ 2 
C'P* " °^10 Output Power at Intermediate Frequency 
= 10 log 1 ( )L 
The available power conversion defined by F r i i s £f] i s also sometimes 
used to describe the performance of a mixer and i s defined as 
, , r t , Available Power at the r . f . Frequency , 0 c . p . l . =10 log., _ — t ; - , - — _ i - — — 1.3 
opt 10 Available Power at l . f . Frequency 
To distinguish between the conversion loss for d i f f e r e n t types of mixers 
the following nomenclature QfcQ i s generally adopted; 
L q mixer i s matched to the L.O. and has the same terminations at s i g n a l 
and image frequencies. 
= mixer i s matched to the s i g n a l but the image sees a s h o r t - c i r c u i t . 
I<2 = mixer i s matched to the s i g n a l and the image frequencies. 
- mixer i s matched to the signal but the image sees an open-circuit. 
The s e n s i t i v i t y of a r e c e i v e r determines the smallest s i g n a l which can be 
detected and i s governed by the noise figure of the r e c e i v e r . I f a r e c e i v e r 
i s considered as consisting of two, two-port networks connected i n tandem, 
corresponding to the mixer and i . f . a m p l i f i e r , then the o v e r a l l noise 
figure i s given by, 
F ~ + I — i l ^ l I 1 > 4 
- 10 
F i s the noise figure of the mixer. F. - i s the noise figure of the 
i . f . a m p l i f i e r and G(= 1/L) i s the 'gain* of the mixer. Equation 1.4 
can also be expressed i n the form, 
1.5 
I f the noise temperature t ^ of the mixer i s defined as, 
t = F /L 1.6 n m 
and substituted i n equation 1.5, equation 1.1 i s obtained. 
The major noise contributions i n a semi-conductor diode are ,1/f or 
f l i c k e r noise which i s c h a r a c t e r i s t i c of a l l semi-conductors, thermal 
noise produced by the diode s e r i e s r e s i s t a n c e , and shot-noise produced 
by electrons moving with random v e l o c i t i e s i n an e l e c t r i c f i e l d . 
F l i c k e r or 1/f noise i s inversel y proportional to frequency Jj.3], and 
i t s e f f e c t may be neglected at normal intermediate frequencies. Thermal 
noise i s caused by the random motion of electrons i n a conductor and the 
2 
r e s u l t i n g mean square open-circuit voltage, v^ developed i s given by, 
v 2 * 4kTRdf n 
R i s the resista n c e of the conductor, df i s the bandwidth, T i s the 
temperature and k i s the Boltzman fs constant. The v a r i a t i o n of the average 
current I due to the random a r r i v a l of the electrons at the anode of a 
diode was investigated by Schottky. He showed that the mean square noise 
current i ^ 2 due to t h i s e f f e c t i s given by, 
T~2 = 2ql df n 
where the bandwidth i s df and q i s the charge of the el e c t r o n . 
Messenger and McCoy £ 9 ] have shown that the re l a t i o n s h i p between noise 
figure of a mixer and conversion loss i s , 
F = (L/2) + 1/2 for narrow band mixers 1.7 
and F = (L/2) + 1 for a broad band mixer 1,8 
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Equations 1.7, and 1.8 are derived on the assumption that p a r a s i t i c 
e f f e c t s of the diode are ignored, and indicate that there i s a l i n e a r 
r e l a t i o n s h i p between the two mixer parameters F and L. I t i s found 
that whereas conversion l o s s reaches a broad minimum and then s t a r t s 
to increase with increasing l o c a l o s c i l l a t o r drive, the noise figure 
continues to decrease with increasing l o c a l o s c i l l a t o r drive. There 
i s therefore an optimum l o c a l o s c i l l a t o r l e v e l which minimises both 
the conversion l o s s and the noise figure of the mixer. However, as 
the noise figure for modern mixers i s s i g n i f i c a n t l y lower than that 
of the i . f . amplifier, the minimum receiver noise figure occurs 
when the conversion lo s s i s a minimum. 
Dragone Q3} has developed a new method for determining the noise 
performance of a r e s i s t i v e mixer which does not involve a detailed 
analysis of shot or thermal noise sources. His method describes the 
terminal noise performance of a diode i n terms of time-varying conductance 
g(t) and time-varying temperature T ( t ) . He showed that the 
noise of the terminals of a single diode i s equal to that of two diodes 
connected i n p a r a l l e l , having time independent temperatures T^ and T 2 
and time-varying conductances g. ( t ) and g«(t) where 
The temperatures T^ and T 2 are the minimum and maximum values of T ( t ) 
so that, 
Stracca [24J, using t h i s method, analysed the noise performance of common 
mixer c i r c u i t s but neglected the e f f e c t s of diode re a c t i v e p a r a s i t i c s . 
and 
g(t) = g l ( t ) + g 2 ( t ) 
G(t) T ( t ) = g l ( t ) T1 + g 2 ( t ) T 2 1.10 
1.9 
T1 $ T ( t ) $ T 2 
G3  
- 12 -
1.3 Non-Linear Elements used i n Mixer C i r c u i t s 
A l i n e a r element i s defined as one whose value ( r e s i s t a n c e , capacitance 
or inductance) remains constant when the input l e v e l of the s i g n a l i s 
applied. A non-linear element, however, has a c h a r a c t e r i s t i c I = f ( V ) , 
Q = f(V) or <{> = f ( I ) , which normally i s a single-valued function for 
the three cases r e s p e c t i v e l y . As a consequence of such a non-linear 
c h a r a c t e r i s t i c , the r e s u l t i n g response w i l l contain frequency components 
which w i l l not be present i n the applied stimulus. I t i s t h i s harmonic 
generation property of non-linear elements which i s exploited i n mixers 
and parametric converters. 
A non-linear element commonly used i n mixers i s a diode whose equivalent 
c i r c u i t at high frequencies i s shown i n Figure 1.4 where, 
L i s the lead inductance 
Li 
Lp i s the inductance of the whisker contact 
Tg i s the s e r i e s resistance 
Cp i s the package capacitance 
G. i s the junction conductance J 
C. i s the b a r r i e r capacitance 
The*relationship between the diode junction voltage Vj and the current i 
through the diode i s , 
i = I (e a v j - 1) 1.11 
where I g i s the saturation current whose value depends on the diode 
material and production process and aC= q7nkT) i s a diode constant. 
The junction conductance of a diode i s given by, 
G. = di/dv.- a ( i + I ) 1.12 J J s 
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A diode i s normally driven by p e r i o d i c a l l y - v a r y i n g l o c a l o s c i l l a t o r 
and hence i s also a p e r i o d i c a l l y - v a r y i n g function of time. The diode 
b a r r i e r capacitance (Cj ) i s also a function of diode junction voltage, 
i . e . 
where (o) i s the b a r r i e r capacitance at zero junction voltage and 
i s the diffusion p o t e n t i a l . For a periodic l o c a l o s c i l l a t o r drive 
the b a r r i e r capacitance, j u s t l i k e the junction r e s i s t a n c e , i s a 
periodic function of time. 
Point-contact diodes which are made by having a wire whisker pressed 
against a semiconductor surface ( u s u a l l y p+ e p i t a x i a l s i l i c o n ) have 
been h i s t o r i c a l l y used for detection of high-frequency s i g n a l s . The 
se r i e s resistance of a point contact diode a r i s e s from the r e s t r i c t i o n 
of current flow caused by the small contact area of the wire, i . e . 
where f a f i s the radius of the contact and p i s the r e s i s t i v i t y of the 
semiconductor. 
A considerable improvement i n the mixer performance was obtained with 
the development of the Schottky-barrier diode. These diodes are 
fabricated by depositing a metal on a semiconductor surface by a process 
of evaporation, sputtering or electromechanical methods. Schottky-barrier 
diodes have a V-I c h a r a c t e r i s t i c which i s nearly exponential. They 
also have a lower saturation current, s e r i e s r e s i s t a n c e and b a r r i e r 
capacitance than contact diodes. Backward diodes also used i n mixer 
c i r c u i t s are a s p e c i a l kind of tunnel diode where the tunnelling process 
i s considerably reduced. The V-I c h a r a c t e r i s t i c s for the three types of 
diodes are shown i n Figure 1.5. MESFET's and GaAsFET*s are also used 
C. = J 
C.(o) 
F -
n 1.13 
r = p/2a s K 
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as non-linear elements i n mixers up to frequencies of 10 GHz 
The high frequency operation of the GaAsFET i s obtained by replacing 
the d i f f u s i o n process of a pn junction by a Schottky-barrier contact 
which has a very-short-time storage. The noise performance of mixers 
using FETs i s competitive with a l l but the best diode mixers and 
they are l i n e a r up to higher input s i g n a l power l e v e l s than the diode 
mixers. The reason for th i s greater l i n e a r i t y i s the square-law 
relationship between drain current and gate-source voltage over a wide 
range of the l a t t e r . Since f . e . t . s also produce conversion gain rather 
than conversion l o s s , the performance of the i . f . a mplifier becomes 
l e s s important. The greatest problem with f . e . t . mixers i s , however, 
one of s t a b i l i t y . 
1.4 General Mixer Theory 
The theory of mixers has been developed on the assumption that the l o c a l 
o s c i l l a t o r drive i s much larger than the sign a l components present. 
Consequently^the non-linearity of the mixer i s only affected by the 
loca l o s c i l l a t o r drive. However, s i g n a l s present i n the mixer are at 
a much lower l e v e l and the i n t e r a c t i o n between them i s l i n e a r to a high 
degree. A mixer, therefore, may be represented as a l i n e a r 'n'-port 
network with separate conceptual ports a t the si g n a l and a l l modulation 
products. I n p r a c t i c e s e l e c t i v e networks are used so that the n-ports 
of the mixer are reduced to three, corresponding to s i g n a l , i . f . and 
image frequencies. 
1.4.1 Representation of a Mixer by a Li n e a r Network 
For a non-linear device the current-voltage c h a r a c t e r i s t i c i s given by, 
I f the applied voltage consists of a l o c a l o s c i l l a t o r drive V _ ( t ) and 
J-iVj 
an r . f . s i g n a l V ( t ) , then, 
I « f (V) 1.14 
q 
V = V L 0 ( t ) + V ° 1.15 
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where i n normal mixer operation V ^ ( t ) >> V ^ ( t ) 
Substituting equation 1.15 and 1.14 and expanding the r e s u l t i n g equation 
by Taylor s e r i e s , the f i r s t two terms are given by, 
i = f | v j > ) • v q ( t j | 
.'. hx>*imt \\0^ + V q ( t ) f ' B l O ^ * - " 
The small signal current i can be expressed i n the form, 1.16 
1 • E 
V ( t ) = g(t) V ( t ) 1.17 
As far as the r . f . signal i s concerned, the non-linear element behaves 
as a l i n e a r conductance varying p e r i o d i c a l l y with time which can be 
expressed i n terms of a Fourier s e r i e s , 
g(t) = +r g _ e j l V 1.18 
—CO 
Tf the l o c a l o s c i l l a t o r drive i s an even function of time then g^ m g_^ 
and the conductance waveform becomes, 
g(t) - g + 2 E g cos no) t 1.19 
0 n=l n P 
where the Fourier c o e f f i c i e n t s are, 
The small-signal performance of a mixer as defined by equation 1.17 
r e s u l t s in a matrix which allows the l i n e a r r e l a t i o n s h i p between various 
small s i g n a l frequency components to be derived. To determine t h i s matrix, 
consider Figure 1.6 where the voltage v ( t ) and current i ( t ) contain 
a l l possible modulation products nu^ o>^  where n-1,2,3 e t c . 
CO 
v ( t ) = T V cos (no) + u) ) t 1.21 
o n p - q 
CO 
and i ( t ) - £ I cos (nu> + to ) t 1.22 
o n P " q 
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Equations 1.21 and 1.22 are rel a t e d by Ohm's law at a l l instants of time 
so that, 
i ( t ) = g(t) V ( t ) 1.23 
Equation 1.23 must also be true at each frequency so that, 
CO 
I I cos (no) + (D ) t - g(t) 1 V cos (nw + (u ) t 
« , n p - q co n p - q 
and the r e s u l t i n g matrix equation of the non-linear element i s , 
. • • • • 
• go v + l 
= • g l 8 0 g x . vo 
. g 2 g l 
• * 
1.24 
Normally, i t i s not necessary to consider the i n f i n i t e number of equations 
shown by equation 1.24 and only three frequencies are considered, s i g n a l 
intermediate and image. Hence equation 1.24 reduces to, 
f l 
q g l 
g7| V q 
h.t. = 8 l g 0 g l v i . f . 
h _ g 2 g l 8o_ _ v i _ 
1.25 
where I H I , I . . = I . and I _ = I . 
q 0 l . f . -1 I +1. 
A block diagram of a mixer described by equation 1.25 i s shown i n Figure 
1.7 as having three conceptual ports associated with the s i g n a l , image 
and intermediate frequencies. The performance of the mixer can now be 
evaluated using l i n e a r theory. 
1,4.2 Evaluation of the C o e f f i c i e n t s of the Time-Varying Parameters 
For a single-ended diode mixer, where the diode i s assumed to have b i - l i n e a r 
c h a r a c t e r i s t i c ( s e e Figure 1.8), the waveform of the time-varying conductance 
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g(t) i s shown i n Figure 1.9. The Fourier s e r i e s of such a waveform 
can be expressed i n the form, . , x 
sin(nTTT) 
CO — — 
g(t) = % + T <g f - gfc) + f ( g f + gfc) \ n T cos na t 1.26 
n=l r 
where g^ and g^ are the reverse and forward conductances of the diode 
respectively and T/T i s the pulse duty r a t i o . 
I n the case of a Y mixer having a s h o r t - c i r c u i t image terminations, or 
a Z mixer having an open-circuit image termination, Saleh [12] has 
shown that the condition for minimum conversion l o s s i s obtained by 
solving the following transcendental equation for T/T. 
t a „ ( _ ) = * _ + - _ _ 1.27 
and occurs when the pulse duty r a t i o T/T i s very small. 
Howson [28) has also determined the required optimum waveform for the 
time—varying parameter g(t) for a single ended diode Y mixer with image 
open-circuit termination and a s i n g l e diode 2 mixer having an image 
s h o r t - c i r c u i t termination. He showed that the minimum conversion l o s s 
occurs when the second harmonic of g(t) i s zero. This optimum condition 
i s obtained when the r a t i o of the f i r s t harmonic to the average value 
of g(t) i s maximum. 
A more p r a c t i c a l model of a diode i s one where i t i s assumed that the 
diode has an exponential c h a r a c t e r i s t i c r a t h e r than the b i - l i n e a r characterist-
i c shown i n Figure 1.8. For an exponential diode the evaluation of the 
conductance or r e s i s t a n c e waveforms for two types of l o c a l o s c i l l a t o r d r i v e s , 
a sinusoidal current and s i n u s o i d a l voltage, i s given below 
A si n u s o i d a l l o c a l o s c i l l a t o r current drive can be w r i t t e n i n the form, 
i - I , + 1 cos a) t 1.28 d.c. p p 
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Neglecting the e f f e c t of the diode saturation current I , the time-
s 
varying r e s i s t a n c e of the diode i s given by 
1 
dv 
r ( t ) = ^ = 
(aln ) (l + •=£ cos 03 t ) * d.c.' % I , p ' d.c. 
1 + 2 I a cos noi t 
n=l n p 
o l . p (1 - ( • i - ) 2 ) i d.c. 1, d.c. 
1.29 
where, 
a = n 
" I I / I d. c. 
i + ( i -
Ld.c. 
n 
1.30 
Using equations 1.29 and 1.30, the c o e f f i c i e n t s of equation»1.25 can be 
evaluated and the performance of a balanced diode mixer determined. 
For a l o c a l o s c i l l a t o r sinusoidal voltage drive l e t 
v = V, + V cos oj t d.c. p p 
Again assuming an exponential law for the diode and neglecting the e f f e c t 
of diode s e r i e s r e s i s t a n c e i t can be shown that jV], 
g(t) = 4^ = a l e a V d . c . OX (aV ) + 2&. (aV ) cos OJ t + d v s U p l p p 
2 X (aV ) cos 2 u) t + I P P 1.31 
where 3^, tE^ and 3^ e t c a r e t n e modified Bessel functions. The Fourier 
c o e f f i c i e n t s , g^ and g^ of the time-varying conductance of a diode 
are, 
aV 
% = 's 6 d ' C ' % ( a V p > 
«1 ' ls e a V d . c . ^ . ( a V p > t *v,» X, (aV ) g = I e d.c. p' 
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The e f f e c t of the diode s e r i e s r e s i s t a n c e and capacitance on the conversion 
loss and noise figure for a single-diode mixer was investigated by Barker 
[loJ» He showed that the e f f e c t of the diode s e r i e s r e s i s t a n c e i s to 
increase the conversion lo s s for very high l o c a l o s c i l l a t o r drive, and 
that the only way of reducing t h i s e f f e c t i s to use reverse d.c. b i a s . 
I n the case of a multi-diode l a t t i c e mixer the optimum time-varying 
waveform i s a rectangular one where the pulse duty r a t i o T/T i s a h a l f 
Jl2, 13, 27]. For such a mixer the l o c a l o s c i l l a t o r drive 'sees* 
e f f e c t i v e l y two p a i r s of diodes back to back and consequently they act 
as an amplitude l i m i t e r , so that a square-waveform i s the only one of 
any p r a c t i c a l s i g n i f i c a n c e . 
The c o e f f i c i e n t s of the matrix equation describing a l a t t i c e mixer have 
been determined by several authors Q-jsJ on the assumption that the diode 
has b i - l i n e a r c h a r a c t e r i s t i c s . Saleh Q2) has also analysed a l a t t i c e 
mixer where he assumed that the diode obeyed an exponential law but 
neglected the e f f e c t of the diode s e r i e s r e s i s t a n c e . Kulesza \%\\ has 
determined the performance of a current-driven l a t t i c e mixer with image 
open-circuit and included the e f f e c t of the diode s e r i e s r e s i s t a n c e i n 
h i s a n a l y s i s . A computer-assisted an a l y s i s of the response c o e f f i c i e n t s 
of a l a t t i c e mixer has been obtained by Maiuzzo and Cameron |j3oj assuming 
a c o r r e l a t i o n between the diode s e r i e s r e s i s t a n c e and the diode parameter 
a. The performance of a K-band integrated l a t t i c e mixer has been 
investigated by Ogwa, Aikawa and Morita J3IJ where i t i s assumed that 
the diode obeys an exponential law but the e f f e c t of diode s e r i e s r e s i s t a n c e 
has been neglected. 
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1.5 Conclusions 
The analysis of mixers consists of two parts: the large-signal an a l y s i s 
and the small-signal a n a l y s i s . The former ana l y s i s i s concerned with 
the behaviour of the diode when pumped by the l o c a l o s c i l l a t o r , while 
the small-signal a n a l y s i s t r e a t s the mixer as a l i n e a r two-port 
network and i s largely concerned with the e f f e c t of the image 
termination on the r . f . and i . f . impedances necessary to produce minimum 
conversion l o s s . 
E a r l y workers [3—5^J assumed that the diode pumped by a l o c a l o s c i l l a t o r 
could be considered as having "two s t a t e s , high and low r e s i s t a n c e . 
Later Torry and Whittmer \§^\ analysed the behaviour of a mixer by assuming 
that the diode has an idea l exponential c h a r a c t e r i s t i c but neglected 
the e f f e c t s of the diode p a r a s i t i c s , such as the s e r i e s r e s i s t a n c e and 
the capacitance. Strum [13Q described the behaviour of a diode by a 
power law, given I = KV* where K and x are constants for a p a r t i c u l a r 
diode. Kulesza {ilQ analysed the behaviour of a narrow-band image-open 
c i r c u i t l a t t i c e mixer pumped by a l o c a l o s c i l l a t o r sinusoidal current, 
and included the e f f e c t of the diode s e r i e s r e s i s t a n c e . 
The general small signal a n a l y s i s of r e s i s t i v e mixers and t h e i r c l a s s i f i c a t i o n 
Z, Y, H and G was presented by Saleh [jiQ. This c l a s s i f i c a t i o n depends 
on the type of frequency-selective networks used at the r . f . and i . f . 
ports of the mixer and hence the type of matrix which has to be used to 
determine i t s performance. The image-frequency terminations a f f e c t the 
mixer's r . f . and i . f . terminations necessary to produce minimum conversion 
logs. The i . f . impedance i s the output impedance of the mixer and i s 
p a r t i c u l a r l y important as i t influences the design of the i . f . a m p lifier 
input c i r c u i t s , and hence the re c e i v e r noise figure that can be obtained. 
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1.6 Aims of the Project 
The p r i n c i p a l aims of t h i s project are to investigate a n a l y t i c a l l y the 
e f f e c t of the l o c a l o s c i l l a t o r drive, image impedance and diode p a r a s i t i c s 
on the performance of Z, Y, G and H l a t t i c e mixers working at high 
frequencies, and where a p r a c t i c a l model of a diode i s used. For each of 
the above four types of mixers (Z, Y, G and H) four d i s t i n c t cases are to 
be considered; two narrow-band mixers and two broadband mixers one with 
matched and the other with mismatched conditions at the r . f . port. 
I n the large s i g n a l a n a l y s i s of the l a t t i c e mixer i t i s important to use 
a model of the diode which i s s u f f i c i e n t l y accurate to represent a true 
p r a c t i c a l mixer, without however being so complex that the mathematics 
becomes unmanageable. Various numerical methods are therefore normally 
used i n order to determine the Fourier c o e f f i c i e n t s of the pumped diodes. 
In t h i s p r o j e c t , however, by r e s t r i c t i n g the l o c a l o s c i l l a t o r to a current 
drive, i t i s proposed to obtain an a n a l y t i c a l solution, where' the e f f e c t 
of the diode Ts p a r a s i t i c s such as the diode s e r i e s r e s i s t a n c e and capacitance 
are included. 
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CHAPTER I I 
General Theory of R e s i s t i v e L a t t i c e Mixers 
2.1 Introduction 
Single balanced and double-balanced l a t t i c e mixers are us u a l l y preferred 
to s i n g l e diode c i r c u i t s for high frequency application as they generate 
fewer unwanted harmonic products, and therefore reduce associated f i l t e r i n g 
problems. They also have the advantage of reducing the noise contribution 
from the l o c a l o s c i l l a t o r and eliminating the decoupling problems 
associated with the l o c a l o s c i l l a t o r c i r c u i t at the r . f . port of the 
mixer. A l a t t i c e mixer has a further advantage i n that inherent separation 
of even and odd harmonic products i s obtained, (jlj^reducing further 
f i l t e r i n g problems. The disadvantage, a more complicated diode c i r c u i t r y 
e s p e c i a l l y at microwave frequencies for multi-diode mixers has l a r g e l y 
been overcome by modem integrated c i r c u i t technology (2-6]. 
Multi-diode mixers have received considerable attention by e a r l y 
researchers (j[~lo] • I n t h e i r a n a l y s i s , they assumed that the mixer i s 
pumped by a sinusoidal voltage signal and the diode as having b i - l i n e a r 
c h a r a c t e r i s t i c s • 
Frequency s e l e c t i v e networks can be used to form Z, Y, G and H l a t t i c e 
mixers according to Sa l e t f s { l l ] c l a s s i f i c a t i o n . Saleh has also analysed 
the performance of Z, Y, G and H l a t t i c e mixers, where he assumed that 
the diode obeyed an exponential law,but neglected the e f f e c t of the diode 
s e r i e s r e s i s t a n c e and diode r e a c t i v e p a r a s i t i c s . Kulesza [12J e f f e c t i v e l y 
analysed the performance of the H l a t t i c e mixer with image open-circuit. 
He included i n h i s an a l y s i s the e f f e c t of the diode s e r i e s r e s i s t a n c e 
but neglected the e f f e c t of diode r e a c t i v e p a r a s i t i c s . The noise performance 
of a l a t t i c e mixer has been considered by Stracca Q J ] . Using a computer 
aided a n a l y s i s S t r a c c a 1 s work has been extended by Rustom and Howson [14J GO 14 
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with an improved model of a diode. 
The object of t h i s chapter i s to present a general small s i g n a l - a n a l y s i s 
of Z, Y, G and H r e s i s t i v e l a t t i c e mixers for two types of narrow-band 
(image open and image s h o r t - c i r c u i t ) , and two types of broad-band 
(optimum and matched at the r . f . port) mixers. I n t h i s chapter the e f f e c t 
of the diode r e a c t i v e p a r a s i t i c s has been ignored, and the matrices 
describing the l a t t i c e mixers are therefore r e a l . 
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2.2 L a t t i c e Mixers 
A p a r t i c u l a r multi-diode mixer considered here i s one consisting of 
four diodes connected i n a l a t t i c e configuration and shown i n Figure 
2.1. During the po s i t i v e h a l f cycle of a l o c a l o s c i l l a t o r drive, 
diodes one and two are driven into forward conduction, while diodes 
three and four are driven into the reverse region.These processes are 
reversed during the negative h a l f - c y c l e of the l o c a l o s c i l l a t o r drive. 
The time-varying r e s i s t a n c e s are designated as r + ( t ) and r _ ( t ) where (+) 
and (-) subscripts indicate the r e l a t i v e operation sequence of the pumped diodes 
i n the l a t t i c e mixer. Taking into account the phase difference of the 
l o c a l o s c i l l a t o r present at the diodes, the time-varying r e s i s t a n c e s 
of the diodes can be expressed i n the form, 
r ^ ( t ) * r ( t + 2ir/u> ) = J L r cos tmt 2.1(a) + p n«0 n p 
CO 
r ( t ) = r ( t + TT/OJ ) • j L r cos na> t 2.1(b) - p n==0 n p 
Frequency s e l e c t i v e networks can be placed at the r . f . and i . f . ports 
shown i n Figure 2.2 to produce Z, Y, G and H l a t t i c e mixers. 
I n the case of a Z mixer the f i l t e r at the r . f . port constrains the 
input current to c o n s i s t only of two harmonics, at and (o^ . frequencies, 
which can be written i n the form, 
i , « I cos u t + L cos o)_t 2.2(a) 1 q q I I 
At the i . f * port of the Z mixer the f i l t e r constrains the output current 
to be purely sinusoidal i . e . 
i 0 = I . - cos (o t 2.2(b) z l . t • q 
The terminal voltages and currents present at the r . f . and i . f . ports 
of a Z mixer are re l a t e d by the following matrix equation, 
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— ""1 
v l 
v 2 
_ — 
r + ( t ) + r _ ( t ) r _ ( t ) - r + ( t ) 
r _ ( t ) - r + ( t ) r + ( t ) + r _ ( t ) 
2.3 
I f the image frequency i s treated d i f f e r e n t l y from the r e s t of the out-
of-band modulation frequencies, then the three terminal voltages present 
are, 
V cos u) t , V_ cos u)-t and V. ~ cos u>. c t q q I I i . f . l . x . 
Substituting equations 2.2(a) and 2.2(b) into equation 2.3 and performing 
a frequency balance operation at w , coT and to. - frequencies, the 
following general three port matrix i s obtained. 
q 
i . f . 
v T i 
z l l Z12 Z13 
221 Z22 Z23 
z31 Z32 Z33 
I q 
i . f . 
i 
2.4(a) 
The z parameters of equation 2.4(a) are the Fourier c o e f f i c i e n t s of the 
time varying re s i s t a n c e s given i n equation 2.3. 
The other three l a t t i c e mixers shown i n Figure 2.2(b), Figure 2.2(c) 
and Figure 2.2(d) can be analysed i n a s i m i l a r manner, and the r e s u l t i n g 
matrix equations are shown below. 
For the Y mixer the three-port matrix equation i s given by, 
IT 
q pu y 1 2 y l 7 ] 
h . f . y21 7 2 2 y 2 3 
I 3 1 
7 3 2 y 3 3 
q 
i . f . 
v T i 
2.4(b) 
For the G mixer the corresponding three-port matrix equation becomes, 
IT q 
l . f . = 
T 1 
g12 813 V q 
822 g23 i . f . 
832 g33 3 _ 
2.4(c) 
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and for the H mixer i t i s , 
V 
q 
h l l h12 ^ 3 
s h 2 1 b22 h23 
h31 h32 h33 
I "1 q 
I . f . 
T I 
2.4(d) 
I t i s convenient to express the above matrix equations for the four 
types of mixers by the following general matrix equation, 
u 
q •11 "12 "13 * 
u i . f . - m21 °22 m23 
m 3 1 m32 m33 
* 
i . f . 
I 
2.5 
where U , T et c . represent either voltage or current s i g n a l s depending 
q q 
on the type of mixer considered. 
The nine unknown c o e f f i c i e n t s i n equation 2.5 can i n pr a c t i c e be reduced 
to four. I f i t i s assumed that the l a t t i c e network of diodes (but not 
n e c e s s a r i l y a t the mixer terminals) does not contain any tuned c i r c u i t s 
and that the r . f . and image frequencies are much greater than the i n t e r -
mediate frequency, then from Qi] 
U _ S L T 
q 
u 
i . f . 
T r - 0 
0 T. , * 0 i . f . 
T x - 0 
and m^ * m^. S i m i l a r l y , 
l . f . U i . f . 
l . f . 
T x a 0 
T 
l . f 
= 0 
0 
and m23" 
* For Z and Y mixers. For E and G mixers appropriate voltage or current 
sig n a l s must be used as given by equations 2.4(c) and 2.4(d). 
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A further reduction can be made to the number of unknown c o e f f i c i e n t s 
of equation 2.5, i f i t i s assumed that the voltage across the diode 
junction i s an even function of time so that r e c i p r o c i t y holds QlU, 
and hence 
n 1 2 = m21 
m 2 3 " *32 
and m 3 1 = 
The above r e l a t i o n s h i p s are v a l i d for Z and Y mixers, but not i n G and 
H mixers for which, 
m12 """21 
m 2 3 = " 1 B32 
m13 " m31 
The general matrix equation 2.5 reduces as a consequence to, 
u 
q 
m12 m 1 3 
u i . f . m12 m22 " l 2 
"13 m12 " l l 
l . f . 
T I 
2.6 
The three-port equation 2.6 can now be converted into a two-port equation 
by l e t t i n g the image frequency have a general r e a l termination where 
2.7 
Substituting equation 2.7 into equation 2.6, the r e s u l t i n g two-port 
equation i s therefore 
u i - " w i T i 
u 
q "12 
T 
q 
U. -
1 , f i ^ 2 M 2 2 
T. . i . r . | 
2.8 
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where, 
and, 
«11 a 
2 
- — ) 2.9(a) 
= m12 (1 - - ) w 2.9(b) 
M22 = m 2 2 (1 
K. 
- — ) 2.9(c) 
a - m13/m11 2.10(a) 
W « 1 + WjA"^ 2.10(b) 
= m 1 2 m 2 1 / m l l m 2 2 
L* e* * m12^/m^ for Y and Z mixers 
2 
and = "" ml2 ^ l l m 2 2 ^ o r a n c* ^ raixers 
2.10(c) 
Equation 2.8 can be used to determine the required source and load 
terminations to obtain the optimum conversion l o s s for the three types 
of image terminations, i . e . 
( i ) image open-circuit W^. ss.«>, 
( i i ) image s h o r t - c i r c u i t * 0, 
and ( i i i ) image termination equal to the source termination at the r . f . 
port,W I = Wg. 
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2.3 The Necessary R.F. and I . F . Terminations to Produce Optimum 
Conversion Loss 
The conversion l o s s of a mixer defined by equation 1.2 can be conveniently 
expressed i n terms of the general two-port matrix parameters of equation 
2.8 as shown below, 
( M11 ! V ( M 2 2 + V - M12 M21 i 
2 
L = ^.W 2 , 1 1 
where Wg and WL are the terminations at the r . f . and i . f . ports of the mixer, 
respectively. To determine the necessary terminations at the r . f . and 
i . f . ports to obtain optimum conversion l o s s , two d i s t i n c t approaches 
can be followed. 
One method i s to set the d e r i v a t i v e s of equation 2.11 to zero, i . e . , 
dL n , dL A 
dw = 0 a n d dWT " ° s L 
The other technique i s to produce matching conditions at the r . f . and 
i . f . ports, a method usual l y employed i n microwave engineering, i . e . 
Wg - W and WL =W 
opt opt 
where i s the output impedance (or admittance) of the mixer at the 
r . f . port while i s the output impedance (or admittance) of the 
mixer at the i . f . port. 
I f the c o e f f i c i e n t s of the two-port matrix are independent of the source 
and load terminations, the two approaches produce i d e n t i c a l r e s u l t s . 
Equations 2.9(a), 2.9(b) and 2.9(c) show that t h i s i s s a t i s f i e d for 
narrow-band image-open (W^ = °°) and image short (W^  = 0) mixers. For 
the broad-band mixer (W, = W ) , however, the above condition i s not 
I s 
s a t i s f i e d and the two approaches lead to two d i f f e r e n t -and i n t e r e s t i n g 
r e s u l t s . 
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2.3.1 Optimum R.F. , I . F . Terminations and Conversion Loss for Narrow-
Band Mixers 
I n the case of narrow-band mixers, s e t t i n g the der i v a t i v e s of equation 
2.11 with respect to W and W to zero, which produces matched conditions 
S Li 
at the r . f . and i . f . ports, i t may be r e a d i l y shown that, 
4 
and 
where 
W s - " l i t - * ] opt 
W - [ l - K ] 
O p t 
o p t 
i + E - fl* ±1 
K = 
M^M 2 21 
M l l M22 
2.12(a) 
2.12(b) 
2.12(c) 
2.12(d) 
I n the p a r t i c u l a r case of a narrow-band image open-circuit mixer 
- ^ the general parameters of equation 2.8 reduce to, 
M.. = m.. for i , j = 1,2 
The required terminations at the r . f . and i . f . ports of a mixer (with 
image open-circuit) and the r e s u l t i n g minimum conversion l o s s are, 
w 8 " " l 
opt 
i t - S i 
and 
opt 
opt 
* 2 2 & - Kol 
i 
I -r r- — * 
2 ±1 
2.13(a) 
2.13(b) 
2.13(c) 
where K Q i s defined by equation 2.10(c). 
For a narrow-band image s h o r t - c i r c u i t (W^  = 0) mixer, the corresponding 
expression for the required terminations at the r . f . and i . f . ports and 
the r e s u l t i n g minimum conversion l o s s , using equations 2.9, 2.10 and 
2.12, are 
* P o s i t i v e sign i s used for H and G mixers and negative sign i s used for 
Z and Y mixers. 
opt 
and 
Wg = 1 - a 2 1 - K s ! 2.14(a) 
opt — 1 *— — 1 
W L = m22 H- KH Q ' Q { 2'14<b> 
2.14(c) 
IT- J d + w h e r e *s - h ^ n d l f r - i l 2.14(d) 
2.3,2 The Necessary R.F. and I . F . Terminations to Produce Optimum 
Conversion Loss for Optimum and Matched Broad-Band Mixers 
To determine the minimum conversion l o s s of a broad-band mixer i t i s 
necessary to set the derivatives of equation 2.11 with respect to 
WT and W to zero. L s 
Substituting equations 2.9(a), 2.9(b) and 2.9(c) into equation 2.11 
i t can be shown that, 
t 1 ( l + y ) (w»a) | 2 f . 
- — 4 K o c i - w ; y 2 * 1 5 ( a ) 
where 
y - \^22 2.15(b) 
Setting the d e r i v a t i v e of equation 2.15(a) with respect to y to zero 
r e s u l t s i n the following expression for y op t» 
y o p t - 1 - 2K0/Cw+aJ 2.16(a) 
or 
W L = m22 IX" ^ o^&tl] 2.16(b) opt 
As the output termination for a two-port network i s a l s o given by 
equation 2.16(b), the condition of minimum conversion l o s s coincides 
with the requirement that the i * f . port be matched for maximum power 
tr a n s f e r . 
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Substituting equation 2.16(a) into equation 2.15(a) the following 
expression for the conversion l o s s i s obtained. 
[w+a] [w+a - 2lT~| 
L = 2.17 
Setting the d e r i v a t i v e of equation 2.17 with respect to W to zero, 
r e s u l t s i n the following quadratic equation, 
W2 - 2W - |a(2+a) - 2Kq (l+a)| - 0 2.18 
where the roots of the quadratic equation 2.18 are, 
v - i ± Li+aJ ( T - 2.19(a) 
and 
2.19(b) 
The required termination at the r . f . port of the mixer using equation 
2.19(a) and 2.10(b) then becomes, 
i V" 1 1 li+3Q -3 2.20 
Equation 2.20 indicated that i n order to produce minimum conversion loss 
the r . f . port of a broad-band mixer must be mismatched. 
F i n a l l y , s u b s t i t u t i n g equation 2.19(a) into equation 2.17 the expression 
for the minimum conversion l o s s can be shown to be, 
'opt 
) 
L - i + a - V J 
±i 2.21 
An a l t e r n a t i v e approach i n the design of a high frequency broad-band 
mixer i s to determine the necessary terminations W and W_ to J s L m m 
produce matching conditions at the r . f . and i . f . ports. I t can be 
shown, using equations 2.9, 2.10 and 2.12(a), that 
2.22(a) 
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where 
K = m 
K o K 
il-wL 
( i -
( i -
£)2 w 
w J 
2.22(b) 
Substituting equation 2.22(b) into equation 2.22(a) r e s u l t s i n the 
following q u a r t i c equation i n W, 
W4 - Qc +2] W3 + 3K W2 + a Qa-2K O-K Qaj W - a 2 (KO - 2K 0# + a^} « 0 2.23( 
where W 
W = 1 + m in 2.23(b) 11 
The solution of the quartic equation 2.23(a) for W and hence W 
m 
depends on the values of 'Ko1 and 'a 1 and these as w i l l be shown i n 
Chapter I I I depend on the type of l a t t i c e mixer considered. 
The termination at the i . f . port W necessary to produce matching 
Li 
m 
condition using equation 2.12(b) can be shown to be, 
W L - m22 B + Ko1 D- -m 
2.24 
F i n a l l y , the conversion l o s s of a l a t t i c e mixer matched simultaneously 
at the r . f . and i . f . port i s given by, 
±1 2.25 
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2.4 Conclusions 
A general matrix equation describing the four types (Z,Y,G and H) 
l a t t i c e mixers has been derived and i t can be used to determine the 
r . f . and i . f . terminations necessary to obtain optimum conversion 
l o s s . For each of the four types of l a t t i c e mixers, three types of 
image terminations have been considered, image open-circuit, image 
s h o r t - c i r c u i t and image equal to the r . f , termination. 
I n the case of narrow-band image open-circuit mixer and image short-
c i r c u i t mixer, the terminations at r . f . and i . f . ports necessary 
to obtain minimum conversion l o s s coincides with the condition of 
the mixers being matched at the r . f . and i . f . ports. For an optimum 
broad band mixer, where the image termination i s equal to the r . f . 
termination, i t i s shown that to produce minimum conversion l o s s , the 
i . f . port needs to be matched but the r . f . port must be mismatched. 
I n microwave engineering i t i s common p r a c t i c e to examine the performance 
of two-port networks, when both the input and output ports are matched. 
Consequently, general equations are derived to examine the necessary 
terminations at the r . f . and i . f . ports and r e s u l t i n g conversion l o s s 
when the mixer i s matched at both ports. 
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Figure 2.1 L a t t i c e configuration of the diodes and t h e i r switching 
action on the p o s i t i v e and negative cycle of the l o c a l o s c i l l a t o r . 
1 
0) 
(a) Z l a t t i c e mixer 
0>) Y l a t t i c e mixer 
Cc) G l a t t i c e mixer 
*2 
-4-4 
- L I 
T 1 
Cd) H l a t t i c e mixer 
Figure 2.2 The Four Fundamental Types of L a t t i c e Mixers 
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CHAPTER I I I 
Fundamental L i m i t a t i o n i n the Conve r s i o n L o s s 
and Optimum Terminations of R e s i s t i v e L a t t i c e M i x e r s 
3.1 I n t r o d u c t i o n 
I n the a n a l y s i s of mixers, an assumption i s normal l y made t h a t 
the l e v e l o f the l o c a l o s c i l l a t o r d r i v e i s much h i g h e r than t h a t of 
the r . f . s i g n a l . Consequently, the pumped n o n - l i n e a r elements can 
be r e p r e s e n t e d as tim e - v a r y i n g parameters and t r e a t i n g the image 
frequency d i f f e r e n t l y from the r e s t of the out-of-band modulation 
. pro d u c t s , t h e mixer c i r c u i t can be d e s c r i b e d i n terms of a t h r e e -
port m a t r i x . To determine the t e r m i n a t i o n s a t the r . f . and i . f . 
p o r t s to o b t a i n minimum conversion l o s s i t i s n e c e s s a r y to e v a l u a t e 
the c o e f f i c i e n t s of the t h r e e — p o r t m a t r i x e q u a t i o n . The a n a l y s i s 
of mixer, t h e r e f o r e , c o n s i s t s of two p a r t s ; one p a r t d e a l s w i t h 
the i n t e r a c t i o n o f the l o c a l o s c i l l a t o r and the n o n - l i n e a r elements 
which determine the c o e f f i c i e n t s of the m a t r i x d e s c r i b i n g the m i x e r j 
w h i l e the second p a r t d e a l s w i t h the behaviour of the mixer i n 
r e l a t i o n to r . f . , image and i . f . s i g n a l s . 
E a r l y r e s e a r c h e r s a n a l y s e d the performance of s i n g l e and m u l t i -
diode m i x e r s by assuming t h a t the diode has b i - l i n e a r c h a r a c t e r i s t i c s 
|"j-5 |. I n r e c e n t p u b l i c a t i o n s the a n a l y s i s has been m a i n l y concerned 
w i t h m i x e r s where the diodes are assumed to have i d e a l e x p o n e n t i a l 
c h a r a c t e r i s i t c s 0L"~IT] , but g e n e r a l l y the e f f e c t o f the. diode s e r i e s 
r e s i s t a n c e h as been n e g l e c t e d . S t r a c c a {^2^ has shown t h a t an improve-
ment i n t k e c o n v e r s i o n l o s s of ba l a n c e d m i x e r s i s o b t a i n e d i f the l o c a l 
o s c i l l a t o r i s coupled to the diodes through a s e r i e s r e s o n a t o r . The 
r e s o n a t o r p r e s e n t s a hi g h impedance to the l o c a l o s c i l l a t o r harmonic 
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frequencies and allows a sinusoidal current, rather than a sinusoidal 
voltage,drive. The e f f e c t of the diode s e r i e s r e s i s t a n c e on the 
performance of voltage and current driven balanced mixers has been 
considered by Schneider QH and Kulesza Q4] res p e c t i v e l y . Computer 
a s s i s t e d methods of an a l y s i s have been mainly concerned with the 
performance of si n g l e diode mixers [15-17) • 
I n the mixer a n a l y s i s presented i n t h i s chapter, i t i s i n i t i a l l y 
assumed that the diode has a b i - l i n e a r c h a r a c t e r i s t i c , as proposed 
by many authors. I t i s found that t h i s model of the diode applies 
when the l a t t i c e i s strongly pumped, so that the diode can be assumed 
to switch from a low forward to a high reverse r e s i s t a n c e . The 
performance of current driven Z, Y, H and G l a t t i c e mixers i s then 
determined by assuming that the diodes have exponential c h a r a c t e r i s t i c s . 
The performances of the four types of l a t t i c e mixers, using the two 
models of the diode, and for d i f f e r e n t image terminations, are compared. 
Such comparison and discussion of the performances has not been dealt 
with i n any of the a v a i l a b l e published l i t e r a t u r e . 
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3.2 The Influence of Image Terminations on the Conversion Loss of 
Strongly Pumped R e s i s t i v e L a t t i c e Mixers 
A b a s i c c i r c u i t of a l a t t i c e mixer consisting of four diodes i s 
shown in Figure 3.1« Assuming inherent separation of odd and even 
modulation harmonics [jf l , the l a t t i c e c i r c u i t shown i n Figure 3.1 
can be described by the following general matrix equation, 
U. 
u. 
n even 
I 
n odd 
a cos nu) t n p 
c cos nto t < n p ) 
n odd 
I 
n even 
b cos noi t n p 
d cos nw t n p 
3.1 
U^, u*2> T^ and T^ are the terminal voltages or currents depending 
on the two-port parameters used to represent the l a t t i c e c i r c u i t . 
The general r e l a t i o n s h i p s for the four types of l a t t i c e mixers are 
shown i n Table 3.1. 
' " ^ - ^ ^ t l i x e r 
Parameter*"'*— Z Y H G 
u i v i V l X l 
U 2 V 2 h h V 2 
T l h V l h V l 
T 2 V 2 V 2 h 
Ea cos nto t n p 
r + ( t ) + r _ ( t ) + r _ ( t ) 2 r + ( t ) r _ ( t ) 2 
2 2 r + ( t ) + r _ ( t ) r + ( t ) + r _ ( t ) 
lb cos no) t n p 
r _ ( t ) - r + ( t ) r + ( t ) - r _ ( t ) r _ ( t ) - r + ( t ) r + ( t ) - r _ ( t ) 
2 2 r + ( t ) r _ ( t ) r + ( t ) + r _ ( t ) r + ( t ) + r _ ( t ) 
Ec cos no) t n p 
r _ ( t ) - r + ( t ) r + ( t ) - r _ ( t ) r _ ( t ) - r + ( t ) 
2q 2 r + ( t ) r _ ( t ) r + ( t ) + r _ ( t ) r + ( t ) + r _ ( t ) 
Zd cos nto t n P 
r + ( t ) + r _ ( t ) r + ( t ) + r _ ( t ) 2 2 r + ( t ) r _ ( t ) 
2 2 r + ( t ) r _ ( t ) r + ( t ) + r _ ( t ) r + ( t ) + r _ ( t ) 
Table 3.1 
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An equivalent c i r c u i t of a strongly pumped diode having b i - l i n e a r 
c h a r a c t e r i s t i c i . e . low forward r e s i s t a n c e r and high reverse 
s 
r e s i s t a n c e r ^ , i s shown in Figure 3.2. The time-varying resistances 
of the pumped diodes used i n l a t t i c e mixers are, 
and 
r
+
(t) = r s + rb C1 - •<*>) 
r ( t ) = r + r s ( t ) — s b 
where s ( t ) i s a switching function defined as, 
s ( t ) * 1 for - 1 T/2 ^ id t ^ / 2 
P 
s ( t ) = 0 for ff/2 * o> t « 3 t t/2 
P 
3.2(a) 
3.2(b) 
3.3(c) 
For the Z mixer, f i l t e r s placed at the r . f . and i . f . ports r e s t r i c t 
the input current i ^ to r . f . and image frequencies while the output 
current i.^ to intermediate frequency only, i . e . 
i , = I cos u> t + I , cos k)_t 1 q q I I 
i - = I . - C O S 03. r t 
2 i . f . l . f . 
3.4(a) 
3.4(b) 
Substituting the appropriate two-port parameters from Table 3.1 
and equations 3.2 and 3.4 into the general matrix equation 3.1, i t 
may be shown on extracting r e l a t i o n s at appropriate frequencies that 
the following three-port matrix equation i s obtained, 
r. V q 
i . f . = 
v T i 
— > — 
2r + r. s b 
7T 
b s b > o 
0 
> x± 
TT 
2r + r. 
I q 
x i . f . 
i . i 
i - m 
3.5 
which corresponds to general equation 2.4(a) derived i n Chapter I I . 
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For the Y mixer, the f i l t e r s r e s t r i c t the input voltage v. 
to consist of r . f . and image frequency components only while the 
output voltage v^ i s limi t e d to the intermediate frequency i . e . 
v. = V cos a) t + V_ cos o) Tt 1 q q I I 3.6(a) 
v 0 = V. . cos a). c t 2 l . f . l . f . 3.6(b) 
Performing a s i m i l a r a n a l y s i s to that for the Z mixer, the r e s u l t i n g 
three-port matrix equation for the Y mixer becomes, 
2r. ~~ 
2r ( r + r ) s s b 
2 r
s
 + v - — > 0 
2 r b , + 2 r b 
> 2 r s + r b ' " — 
TT 
2r, 
0 > -
TT 
} 2 r + r, J s b 
V 
l . f . 
V, 
which corresponds to equation 2.4(b) derived i n Chapter I I . 
I n the case of the H mixer the f i l t e r s r e s t r i c t the input and 
output signals to the following form, 
i _ = I cos to t + I _ cos coTt 1 q q I I 
v 0 = V. _ cos to. - t 2 l . f . l . f . 
3.7(a) 
3.7(b) 
and the r e s u l t i n g three-port matrix equation describing the mixer i s 
then, 
V q 
i . f . 
V I 
2r 0 I q 
i . f . 
r s i _ i 
3.8 
0 > /IT ' 
which corresponds to equation 2.4(d) derived i n Chapter I I . 
F i n a l l y , for the G mixer, the corresponding equations for input 
voltage and output current are, 
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v. *= V cos to t + V_ cos co_t 1 q q I I 
i 0 = I . r cos to. c t 2 l . f . l . f . 
3.8(a) 
3.8(b) 
and the r e s u l t i n g three-port m a t r i x equation becomes, 
I q 
l . f . 
T I 
2 2 n 
r b ^ 
2 . 2r - 2 — ^ s > — 
TT IT 
TT r. 
V 
q 
i . f . 
i 
3.9 
which corresponds to equation 2.4(c) d e r i v e d i n Chapter I I . 
General equations d e r i v e d i n Chapter I I can now be e v a l u a t e d 
u s i n g the above t h r e e - p o r t m a t r i x equations i n determining the r e q u i r e d 
optimum t e r m i n a t i o n s at the r . f . and i . f . p orts n e c e s s a r y to produce 
optimum c o n v e r s i o n l o s s f o r the Z, Y, H and G l a t t i c e m i x e r s . Two 
types of narrow-band (image open c i r c u i t and image s h o r t - c i r c u i t ) , 
and two types of broad-band mixers (mismatched and matched) were 
considered i n each c a s e . Tables 3.2 to 3.5 summarise the performances 
f o r d i f f e r e n t t e r m i n a t i o n s at the image p o r t . 
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Several i n t e r e s t i n g conclusions can be deduced from the r e s u l t s 
presented i n Tables 3.2 to 3.5. 
( i ) There i s a dual r e l a t i o n s h i p between Z image open-circuit 
and Y image open-circuit mixers, and between Z image s h o r t - c i r c u i t 
and Y image open-circuit mixers. There i s also equivalent d u a l i t y 
for G and H mixers. 
( i i ) The conversion loss of Z and Y mixers for most image 
terminations i s greater than the conversion l o s s for G and H mixers.* 
( i i i ) I t i s t h e o r e t i c a l l y possible to obtain zero conversion l o s s 
( i n dbi for si n g l e diode Z and Y mixers, while for l a t t i c e Z and Y 
mixers i t i s t h e o r e t i c a l l y impossible to obtain zero conversion l o s s . 
2 
( i v ) For p r a c t i c a l diodes r, » r and the parameter K (= r, /TT r ) 
D S O D S 
i s much greater than one. Consequently, a conversion l o s s of zero db can be 
obtained by a G mixer with image shor t - c i r c u i t , a n d an E mixer with image 
open-circuit. However, the necessary terminations at the r . f . and i . f . 
ports of two mixers to produce the zero conversion l o s s are large and 
are therefore d i f f i c u l t to obtain i n p r a c t i c e , e s p e c i a l l y at high 
frequencies. There i s , therefore, the i n e v i t a b l e compromise between 
the requirement of low conversion l o s s and the p r a c t i c a l r e a l i s a t i o n 
of large r e s i s t a n c e s at r . f . and i . f . ports. The best possible compromise 
between the two c o n f l i c t i n g requirements i s the H broad-band mixer 
matched at the r . f . and i . f . ports. The required terminations for the 
above mixer, as shown i n Table 3.2, can be r e a d i l y r e a l i z e d i n prac t i c e 
and the predicted conversion l o s s i s then 4.77 db. 
*unless a pulse l o c a l o s c i l l a t o r waveform i s used. 
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3.3 Performance of L a t t i c e Mixers with Diodes having Exponential C h a r a c t e r i s t i c s 
and Series Resistance 
I n section 3.2 general formulae have been obtained which can be 
used to determine the performance of the four types of l a t t i c e mixers, 
assuming that the diode has b i - l i n e a r c h a r a c t e r i s t i c s . I n t h i s section 
the performance of the four types of current driven l a t t i c e mixers 
i s obtained assuming that the diode has exponential c h a r a c t e r i s t i c s . 
The r e l a t i o n s h i p connecting the voltage v developed across the 
terminals of a diode having exponential c h a r a c t e r i s t i c s and the current 
i flowing through the diode i s given by 
1 , v = — log 
a e 3.10 
where a and I are the diode parameters. The incremental r e s i s t a n c e 
from equation 3.10 i s shown below. 
dv 
di s + 
1 
a l s i + i / i 
3.11 
1 + i / I 
where r, - / a l and i s the incremental r e s i s t a n c e of the diode at the s 
o r i g i n . 
I f the l o c a l o s c i l l a t o r i s treated as a constant-current source, i . e . 
i = 21 cos to t P P P 
then the current flowing through each diode of the l a t t i c e mixer can 
be conveniently expressed i n the form, 
[T + s ( t 7 j cos CO t 3.12 
where s ( t ) i s the switching function defined as, 
s(t) - 1 for - 7 r/2 £ w t < */2 P 
3.13 
TT 1 for '72 £ a> t <. 3 72 s(t) 
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Substituting equation 3.12 into equation 3.11, the time-varying 
resist a n c e of the pumped diode i s given by, 
r ( t ) = § - r + d i s 1 + X ( t ) + X ( t ) s ( t ) 3.14 
where X ( t ) « X cos u t , X • 21 / I . 
P P s 
For a l a t t i c e mixer, taking into account the 180° phase difference 
of the l o c a l o s c i l l a t o r waveform for the two p a i r s of diodes, the time-
varying r e s i s t a n c e s are |_14j , 
r + ( t ) " r s + 1 + X(t) + X ( t ) s ( t ) 3.15(a) 
r _ ( t ) - r g + x _ + x ( t ) g ( t ) 3.15(b) 
The expressions for the time-varying r e s i s t a n c e s shown i n equations 
3.15(a) and 3.15(b) can be substituted for the two-port parameters 
shown i n Table 3.1, and the performance of the four types of mixers 
can be determined by using the general formulae derived i n Chapter I I . 
3.3.1 The Z Mixer 
A block diagram of a Z mixer i s shown i n figure 3.3. Substituting 
equations 3.15(a) and 3.15(b) for the two-port parameters shown i n Table 
3.1, the following two-port matrix equation i s obtained provided r, » r 
D J 
s b (T + x ( t ) s ( t ) | r b X ( t ) 
1 + 2£X(t) s ( t ) J 1 + 2CX(t) s ( t ) l 
r b X(t) r + r, s b (T + X(t) s(t)] 
1 + 2£X(t) ¥(tB 1 + 2£X(t) s ( t ) ] 
3.16 
R e s t r i c t i n g the input and output currents i ^ and i ^ to the form given 
i n equations 3.4(a) and 3.4(b) and equating the terms of the same frequency 
i t i s shown i n appendix I that the Z parameters of the equation 3.16 are, 
11 T £ + ? X l o S e 4 £ j * V 2 3.17(a) 
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3.17(b) 
and 3.17(c) 
Using the general formulae derived i n Chapter I I the performance of the 
Z mixer can now be determined. 
For the image open-circuit, i t can be shown that 
R 
and 
opt 
opt 
opt 2 
1 + K 
-£-*2 
3.18(a) 
3.18(b) 
where 
K = ( - i i ) 2 = V o z 1 2 
For the image s h o r t - c i r c u i t , the corresponding equations are 
3.18(c) 
and 
R s - 2 opt 
opt 
"opt 
1 * ( 1 - V 
1 - (1 - K s ) 
3.19(a) 
3.19(b) 
3.19(c) 
where 
K = i 
s * 2 i - V 
2 
3 3.19(d) 
I n the case of a broad-band mismatched Z mixer the optimum 
terminating impedances and the r e s u l t i n g minimum conversion l o s s are 
Rc - Br Opt ? « - v ' 
and 
L o p t 
2 [1 + a - v 1 ] 
opt 1 - (1 - K B ) 
3.20(a) 
3.20(b) 
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where Kg * / i r . 
For the broad-band Z mixer simultaneously matched at the r . f . and 
i . f . ports, the general equation corresponding to equation 2.23(a) i s 
R 4 - R 3 (K q + 2) + R 2 3K q - Ra J ^ ( 2 - a) - 2a~J + a 2 | j ^ ( 2 a - 1) - a*| - 0 
3.21(a) 
where 
and 
2 
R * 1 + R / Z l 1 3.21(b) 
m 
a - § • 7x ( 2 + l 0 8 e 4 X ) 3 ' 2 1 < c ) 
3 
For normal o s c i l l a t o r drive (X > 10 ) the parameter f a f i s 
approximately zero and equation 3.21(a) reduces to a quadratic, i . e . 
R 2 - R ( K + 2) + 3K * 0 3.22 o o 
Using the value for K q given by equation 3.18(c) and the root of 
equation 3.22 which leads to a r e a l i s a b l e value of r . f . r e s i s t a n c e 
i t can be shown that 
R = 0.35 r. 3.23(a) S D m 
^ = 0.264 r b 3.23(b) 
m 
and the r e s u l t i n g conversion l o s s i s 5.7 or 7.56 db. 
I t i s i n t e r e s t i n g to note that the performance of the Z mixers 
for d i f f e r e n t image terminations i s v i r t u a l l y independent of the l o c a l 
o s c i l l a t o r drive X provided X » 1. The r e s u l t s obtained i n t h i s 
section correspond to those shown i n section 3.2 for the Z mixer, 
where i t was assumed that the diode has b i - l i n e a r c h a r a c t e r i s t i c s . 
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3.3.2. The Y Mixer 
Using the two-port parameters given i n Table 3.1 and equation 
3.15, the c i r c u i t of a Y mixer shown i n figure 3.4 i s described by 
the following two-port matrix equation. 
1 + X(t) s ( t ) - X(t) 
r, + 2r X ( t ) s ( t ) r, + 2r X ( t ) s ( t ) 
D S D S 
- X ( t ) 1 + X(t) s ( t ) 
r t + 2r X ( t ) s ( t ) * r, + 2r X ( t ) s ( t ) b s b s 
r — - — 1 
v i 
V -2 
— — 
3.24 
Introducing frequency r e s t r i c t i o n s ^ see equations 3.6(a) and 
3.6(b)) the c o e f f i c i e n t s of the three-port matrix equation are derived 
i n Appendix I I . These c o e f f i c i e n t s i n terms of parameter b, 
b = 
2r X s 3.25 
are given below 
( i ) where b = 0 
( i i ) where 0 < b < 1 
y 
2X, 
y i i = h r h 
y 1 2 = " X / 2 r b 
_ 2X 
7 1 3 " 3 * r b 
11 Trr bVb u b 7 V l i 
y12 = 
-X 
Trr, 
1 (X 4 r. X. 
y 1 3 S S ^ V F + F ( 1 "b> 
3 /2X 2 X. 
(73 " 72 ' P 
D D 
,2 2X X 1 X W 
+ ( r 2 - ^ + b - 1 ) v i 
b b 
3.26(a) 
3.26(b) 
3.26(c) 
3.27(a) 
3.27(b) 
3.27(c) 
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where 
tan 
( i i i ) where b » 1 
11 Trr, 0 - 0 
3.27(d) 
3.28(a) 
- J L 12 " Trr, c - - o 3.28(b) 
2X 
13 in:. 
and ( i v ) where b > 1 
11 + CI - f> V2 
= _1 fx__ 
y12 = Trr, 
3.28(c) 
3.29(a) 
3.29(b) 
where 
7 1 3 ^ F * ( * b 7 b 2 F 
3.29(c) 
V, 
( b 2 " l ) 1 
log. fa> + 1) - (b 2 - l ) i K b + ( b 2 - 1)*] (£b + 1) + (b2 - l ) i ] [ b - ( b 2 -
3.29(d) 
For a very strongly pumped Y mixer (b » 1) , i t can be shown that 
equations 3.32(a), 3.32(b) and 3.32(c) s i m p l i f y to, 
* U * TrTbC2 l 0 g e 2 b + U * " 72 l o * e 2 b > ) * 2 * i C 2 
3.30(a) 
3.30(b) 
2X 
y 1 3 * ^ 7 l o * e 2 b * 0 
3.30(c) 
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and correspond to the c o e f f i c i e n t s of the matrix equation 3,6. 
For a narrow-band Y mixer with image s h o r t - c i r c u i t (G^. = the 
optimum terminating impedances and the r e s u l t i n g conversion l o s s 
using the general r e s u l t s derived i n Chapter I I , a r e 
s opt 
4, - y n a - V opt 
1 
1 + 
lopt i • Q - k ! * 
3.31(a) 
3.31(b) 
where 
K 12v2 
y l l 
The value of K q v a r i e s from /16 when b i s equal to zero, 
corresponding to the condition when the diode s e r i e s r e s i s t a n c e r s 
4 2 
i s also zero, to /if when the Y mixer i s strongly pumped. The e f f e c t 
of the l o c a l o s c i l l a t o r drive on the conversion l o s s and the required 
terminations at the r . f . and i . f . ports to produce optimum conversion 
l o s s as shown i n Figure 3.5. 
The corresponding equations for a Y mixer with image open-circuit 
are 
opt 
y n t t - a 2 ) ( I - V * 3.32(a) 
where 
and 
i i + 
W i - |T- if] * 
a 5 8 fru^u* 
K = s 
K 
1 - K 
L _ O. 
1 - a 
1 + a 
3.32(b) 
3.32(c) 
3.32(d) 
3.32(e) 
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The parameter *a T v a r i e s from one t h i r d when b (and r ) i s 
s 
equal to zero, to approximately zero when the Y mixer i s strongly 
pumped. The corresponding values of the conversion l o s s are 4.1 db 
and 5.75 db. The e f f e c t of the l o c a l o s c i l l a t o r drive X on the 
optimum terminating impedances at r . f . and i . f . ports, and the 
conversion l o s s for a Y mixer with image open-circuit i s shown 
i n Figure 3.6. 
For a broad-band Y mixer (G T - G ) mismatched at the r . f . port 
J- s 
i n order to produce minimum conversion l o s s , the following equations 
apply: G 
Sopt 
G L -hib'h)* 3-33(b) 
L 2 - 2( 2—i- 7 3.33Cc) 
where 
opt 
opt M - a - K g ) * 7 
2K 
h - r f t 3- 3 3< d> 
The conversion loss v a r i e s from 5.4 db when r i s zero to 7.16 db 
s 
when the mixer i s strongly pumped. The e f f e c t of the l o c a l o s c i l l a t o r 
drive X on the optimum terminating impedances and the r e s u l t i n g 
conversion l o s s i s shown i n Figure 3.7. 
F i n a l l y for a broad-band Y mixer designed to produce simultaneous 
matching conditions at r . f . and i . f . ports, the required r . f . port 
termination (G ) i s governed by the following quartic equation, (see s m 
equation 2.23(a))s 
G 4 - G 3 ( 2 + i Q + G 23K q + Ga ^ 2 a - 2K q - a K ^ - a 2 ^ ( 1 - 2a) + a^J = 0 
3.34(a) 
where 
G 
G * 1 + 8 * / y u 3.34(b) 
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A computer based s o l u t i o n f o r the r o o t s of equation 3.34(a) 
indicates t h a t i t i s o n l y the l a r g e s t p o s i t i v e r o o t which leads t o a 
r e a l i s a b l e value f o r G , the t e r m i n a t i o n necessary t o produce 
m 
matching c o n d i t i o n s a t the r . f . p o r t . The conversion l o s s f o r 
t h i s mixer v a r i e s from 5.5 db where r i s zero (hence b = 0 ) t o 7«56db when 
s 
the mixer i s s t r o n g l y pumped. The e f f e c t of the l o c a l o s c i l l a t o r 
d r i v e X on the conversion l o s s , and the necessary t e r m i n a t i o n s at 
the r . f . and i . f . p o r t s , are shown i n Figure 3.8. 
I n the a n a l y s i s o f the Y mixer i t has been assumed t h a t r g = 10Q 
and r ^ = lO^fl, t y p i c a l parameters f o r a Schottky b a r r i e r diode. 
3.3.3 The H Mixer 
Using the same techniques o f a n a l y s i s as f o r Z and Y m i x e r s , 
the c i r c u i t of the H mixer shown i n F i g u r e 3.9 can be described by 
the f o l l o w i n g two-port m a t r i x equations. 
v l 
9. b X ( t ) 
s 1 + X ( t ) s ( t ) 5 1 + X ( t ) s ( t ) 
~ X ( t ) 
1 + X ( t ) s ( t ) > 
1 f\ + 2X(t) s ( t ) ^ 
r b U + X ( t ) s ( t ) / ^ 
3.35 
The c o e f f i c i e n t s of the t h r e e - p o r t m a t r i x d e s c r i b i n g an H mixer 
are d e r i v e d i n Appendix I I I and are given below, 
11 r s + IS l 0 g e 2 X 3.36(a) 
h 1 2 = / I T 3.36(b) 
13 3.36Cc) 
h 2 2 ~ / r b 3.36(d) 
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To assess the performance of an H l a t t i c e mixer for d i f f e r e n t 
image terminations, i t i s i n i t i a l l y convenient to examine the 
influence of the l o c a l o s c i l l a t o r drive X and the diode s e r i e s 
r e s i s t a n c e r g on the parameters K q and a, defined by equations 
2.10(c) and 2.10(d) res p e c t i v e l y i n chapter I I . 
For the parameter K q , i t can be shown that 
K - J ^ r - — 3.37 
A graph of K q as a function of the l o c a l o s c i l l a t o r drive for 
t y p i c a l value of the diode incremental r e s i s t a n c e at the o r i g i n 
r. = lO^fi, over a range of diode s e r i e s r e s i s t a n c e r (0 to 18&) 
D S 
i s shown i n Figure 3.10. Examination of equation 3.37 i n d i c a t e s 
that i s much greater than one, reaching a l i m i t of r^/ f f r 8 a t 
large l o c a l o s c i l l a t o r drive. 
The parameter f a ' using equations 3.36(a) and 3.36(c) can be 
expressed i n the form, 
For zero diode s e r i e s r e s i s t a n c e and a large l o c a l o s c i l l a t o r 
drive the parameter f a v approaches -1. For a f i n i t e diode s e r i e s 
r e s i s t a n c e and a large l o c a l o s c i l l a t o r drive, the parameter 'a' 
i s approximately equal to zero, i . e . 
a * ^ (2 - l o g e 2X) « 0 3.39 
s 
Figure 3.11 shows how the parameter f a f v a r i e s as a function 
of a l o c a l o s c i l l a t o r drive X for a range of diode s e r i e s r e s i s t a n c e . 
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For a narrow-band image open-circuit H mixer, the e f f e c t of the 
l o c a l o s c i l l a t o r drive X on the optimum conversion l o s s and optimum 
terminations at the r . f . and i . f . ports for a range of diode s e r i e s 
r e s i s t a n c e (0 to ISQ) i s shown i n Figure 3.12, 3.13 and 3.14. 
Examining equations 3.36, 3.37, 3.38, i t can be seen that the optimum 
terminations at the r . f . and i . f . ports for a large o s c i l l a t o r drive 
approach the following l i m i t i n g values: 
R * f ( r r , ) * 3.40(a) 
S 7T S D Opt 
o p t s b 
The corresponding l i m i t i n g value for the conversion l o s s i s , 
_ „ 1 + (1 + r, / T r r ) * 
3 ~ b S , = 1 (or 0 db) 3.40(c) 
o p t -1 + (1 + TJW )1 
D S 
Figure 3.15 shows the e f f e c t of the l o c a l o s c i l l a t o r drive and 
that of the diode s e r i e s r e s i s t a n c e on the conversion l o s s of the R 
mixer with image s h o r t - c i r c u i t . I n Figure 3.15 i t can be seen that 
for a given l o c a l o s c i l l a t o r drive the conversion l o s s approaches a 
minimum value. The necessary l o c a l o s c i l l a t o r drive X to obtain a 
minimum conversion l o s s can be determined as follows. 
The conversion l o s s of the H mixer with image s h o r t - c i r c u i t using 
equations 2.14(c) and 2.14(d) i s 
where 
V -1 * ( l + K s) 
j 3.41(a) 
K 6 " I T - T T H I f-r-E- I 3.41(b) 
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Substituting equations 3.36(a) to 3.36(d) into equation 3.41(b) 
and d i f f e r e n t i a t i n g with respect to the l o c a l o s c i l l a t o r drive X, i t 
may be shown that the condition necessary to obtain minimum conversion 
loss i s given by the following transcendental equation i n X. 
l o g e a - 3 - f g 3.42 
S 
For large l o c a l o s c i l l a t o r drive X the l i m i t i n g value of the conversion 
loss i s 
L l * -1 W 2 " 5 ' 8 ( 7 - 6 d b ) opt 
The e f f e c t of the l o c a l o s c i l l a t o r drive on the required terminations 
at the r . f . and i . f . ports i s shown i n Figures 3.16 and 3.17. The 
l i m i t i n g values of the terminations of the r . f . and i . f . ports for 
large l o c a l o s c i l l a t o r drive are 
R * 2/2r 3.43(a) s s opt 
G L 3.43(b) 
opt TT r 
s 
For a broad-band mixer mismatched at the r . f . port to obtain 
minimum conversion l o s s , the parameter f or large o s c i l l a t o r drive 
approaches the following l i m i t i n g value 
K = . ° - 2r./ir r 3.44 D 1 + a b s 
and the corresponding l i m i t i n g value of the conversion l o s s i s 
2 \l* (1 + 2r./7r 2r ) * 
L 9 " — i = S r = ^ = 2 ( 3 d b ) 3.45 
opt -1 + (1 + 2 t . / i r r V 
D S 
The l i m i t i n g values of the required terminations at the r . f . and 
i . f . ports f or large l o c a l o s c i l l a t o r drive are 
R = ~ f 2 r u r * 3.46(a) 
8opt ^ b s J 
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Q _ - , 3.46(b) 
^opt " \ *b ~s 
Figures 3.18, 3.19, and 3.20 show the e f f e c t of diode s e r i e s r e s i s t a n c e 
and l o c a l o s c i l l a t o r drive on the terminations at the r . f . and i . f . 
ports and on the r e s u l t i n g conversion l o s s of a mismatched broad-band 
H mixer. 
Using equation 2.23(a) the r e s u l t i n g q u a r t i c equation shown below 
describes a broad-band H mixer simultaneously matched at the r . f . and 
i . f . ports. 
R 4 + R 3 - 2^ - R 2 3 K q * Ra |~2a + K q ( 2 + a)J + a 2 jlT(l - 2a) - a^j = 0 
3.47(a) 
where 
R = 1+ R /h._ 3.47(b) s 11 m 
R i s the required impedance to produce a matching condition at the s m 
r . f . port. 
Although there are several methodsQ.8jof determining the roots of 
equation 3.47(a) an i n s i g h t into i t s properties can be deduced by 
obtaining the l a r g e s t root £ using T i l l o t s c r i t e r i o n [l9] . This 
l a r g e s t root i s bounded by the following i n e q u a l i t y , 
3K 
B < 1 * K ! 2 3.48 o 
As the parameter K q i s much greater than two, the l a r g e s t toot 
B i s l e s s than four. Using t h i s estimate of the l a r g e s t root, equation 
3.47(b) can be approximated to a cubic one shown below. 
R 3 - 3R 2 + Ra |T + a ] + a 2 (1 - 2a) - 0 3.49 
The roots of equation 3.49 can be determined using Cardan 1s 
formulae [ l 9 ] . I t i s only the l a r g e s t root xsf equation 3.49 that 
leads to a r e a l i s a b l e value of R , and i s given by the following 
s 
m 
equations, 
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R = 1 + 2 [(a + 3) (a - IV cos< 0/3) 3.50(a) 3 
where 
cos 0 W 2 7 (1 - a ) (a - 1) 
| (a + 3) (a - 1) p y 2 
3.50(b) 
Examination of equations 3.50(a) and 3.50(b) shows that f o r large 
local o s c i l l a t o r d r i v e as the parameter 'a* approaches zero, R approaches 
a value of three. Computer inv e s t i g a t i o n s of equations 3.50(a) and 
3.50(b) indicated t h i s value of the root remains approximately constant 
3 9 
at three f o r a wide range of l o c a l o s c i l l a t o r drive (10 to 10 ) . 
Using t h i s value f o r R, i t can be shown that the o s c i l l a t o r drive 
necessary to obtain minimum conversion loss f o r a matched mixer i s 
defined by the following transcendental equation i n X. 
The above equation corresponds to equation 3.42 which defines the 
l o c a l o s c i l l a t o r drive necessary to obtain minimum conversion loss f o r 
a narrow-band H mixer w i t h image s h o r t - c i r c u i t . The l i m i t i n g value of 
the conversion loss f o r a matched broad-band mixer at high l o c a l 
o s c i l l a t o r drive i s 3 or 4.77 db. Figures 3.21, 3.22 and 3.23 show 
the e f f e c t of l o c a l o s c i l l a t o r drive and diode series resistance on 
the terminations of r . f . and i . f . p o r t s , and the conversion loss of 
a broad-band matched H mixer. The l i m i t i n g values of the terminations 
at the r . f . and i . f . ports f o r large l o c a l o s c i l l a t o r drive are 
l 0*e 2 X " 3 - I x ^ 3.51 s 
R * 4r 3.52(a) s s m 
4 / 3 i r r 3.52(b) 
m 
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3.3.4 The G Mixer 
A block diagram of a G mixer i s shown i n Figure 3.24 where r 
s 
has been taken outside the l a t t i c e networkof diodes by applying the 
Bisection Theorem. Using equations 3.15(a) and 3.15(b) and the 
parameters given i n Table 3.1 the f o l l o w i n g two port matrix equation 
describing a G mixer i s obtained. 
1 _ j _ 1 4 - X ( t ) 
r b * 1 + X(t) s ( t ) * 1 + X ( t ) s ( t ) 
X ( t ) 
1 + X (t) s ( t ) ) 2r + s 1 + X ( t ) s ( t ) 
3.53 
R e s t r i c t i n g the input voltage and output current as defined 
by equations 3.8(a) and 3.8(b), the c o e f f i c i e n t s of the three port 
matrix equation 2.4(c) describing a G mixer are derived i n appendix 
IV. These c o e f f i c i e n t s are given below 
g 
g 1 2 = - 2/7T 
g 13 = ^rW Cloge u - 2 ) - 0 
Hi = ^ + l o*e 2 X 
The parameter 'a* defined as 
3.54(b) 
3.54(c) 
3.54(d) 
a = g.o/g 13'm 3.55 
i s approximately zero over the whole range of the l o c a l o s c i l l a t o r d r i v e , 
f o r X > 10 . Consequently, the performance of the narrow-band (image 
s h o r t - c i r c u i t and image open-circuit) G mixers and broad-band mixers 
(mismatched and matched) i s s i m i l a r t o that shown i n table 3.2. 
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3.4 Conclusions 
The performance of p r a c t i c a l l a t t i c e mixers considered does depend 
to a large extent on the q u a l i t y of the imbedding networks employed. 
In every case, an assumption has been made that the frequency selective 
terminations are id e a l and non-dissipative outside the required 
frequencies. To s i m p l i f y the analysis f u r t h e r , the e f f e c t of the diode 
reactive p a r a s i t i c s i s assumed to be n e g l i g i b l e at the frequencies 
of i n t e r e s t . I t i s apparent, therefore, that only w i t h such constraints 
i t i s possible to show that the inpu t and output impedances are 
purely r e s i s t i v e and a minimum conversion power loss i s obtained 
when the mixer works between optimum terminations. 
I n t h i s chapter, a general analysis of the four types of l a t t i c e 
mixers f o r d i f f e r e n t image terminations using two d i f f e r e n t diode 
models has been obtained. I t i s shown t h a t as the l o c a l o s c i l l a t o r 
current drive increased, the performance of the l a t t i c e mixers using 
an exponential diode model, approaches the performance of the l a t t i c e 
mixers where the diode i s assumed to have b i - l i n e a r c h a r a c t e r i s t i c s . 
I n the case of strongly-pumped l a t t i c e mixers there i s a dual 
r e l a t i o n s h i p between the appropriate narrow-band Y and Z and G and H 
mixers. However, i f the diodes are assumed to obey an exponential 
law where the effects of the diode series resistance i s included, the 
above d u a l i t y i s no longer v a l i d . This conclusion i s i n agreement 
with t h a t reached by Glover, Gardiner and Howson who showed the 
f a i l u r e of the d u a l i t y r e l a t i o n s h i p between series and shunt mixers 
using computer aided analysis and an improved diode model. The 
a n a l y t i c a l solutions showing t h a t the d u a l i t y between the various mixers 
i s not generally v a l i d has not been derived by researchers 
working i n t h i s f i e l d . 
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The performance of Z and G mixer's i s not b a s i c a l l y affected by 
the l e v e l of the l o c a l o s c i l l a t o r drive (provided X >> 1) or by the 
model of the diode, i . e . whether the diode i s assumed to have an 
exponential or b i - l i n e a r c h a r a c t e r i s t i c . For Y and H mixers, however, 
the performance i s considered influenced by the model of the diode 
assumed and by the l e v e l of the l o c a l o s c i l l a t o r d r i v e . 
Generally, the conversion loss of Z and Y l a t t i c e mixers i s 
considerably higher than the conversion loss of H and G l a t t i c e 
mixers. The narrow-band H mixer wi t h image open-circuit and the 
narrow-band conversion loss at p r a c t i c a l l o c a l o s c i l l a t o r drive 
l e v e l s . I t can also be shown that even at the image current r e j e c t i o n 
r a t i o of 4:1 w i t h conjugate optimum terminations a loss below 2 db 
i s s t i l l possible jj-4] • A useful p r a c t i c a l feature of the above H 
and G mixers i s that the r a t i o s of the optimum input and output 
impedances remain reasonably constant f o r any drive l e v e l , provided 
X >> 1. As the drive l e v e l i s increased, however, the absolute 
values of the required terminations become lower. 
The predicted performance of the narrow-band s h o r t - c i r c u i t H 
mixer and the narrow-band open-circuit G mixer does not compare 
favourably w i t h t h e i r respective narrow-band dual mixers, i . e . H 
mixer with image open-circuit and G mixer w i t h image s h o r t - c i r c u i t . 
The optimum terminations and the r e s u l t i n g conversion loss of the 
narrow-band image open-circuit G mixer i s v i r t u a l l y independent of 
the l o c a l o s c i l l a t o r drive f o r X » 1. I n the case of the H mixer 
w i t h image s h o r t - c i r c u i t , i t displays an optimisation process that 
takes place w i t h i n the l a t t i c e network of diodes. For t h i s type of 
mixer there i s a minimum conversion loss which occurs at c e r t a i n 
drive l e v e l s . 
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I t i s normally d i f f i c u l t to approximate the id e a l open or short-
c i r c u i t conditions at the image frequency components i n p r a c t i c a l 
mixers. The problem becomes even more acute when the r . f . signal 
l i e s i n the microwave frequency range (e.g. 10 GHZ) and low values 
of i . f . are employed (e.g. 70, 45 or 30 MHz). Very o f t e n , therefore, 
because of r e l a t i v e l y wide bandwidths of p r a c t i c a l f i l t e r s , the 
impedance presented to the image frequency components may be very-
close to or equal i n value to the terminating impedance at the r . f . 
s i g nal frequency. The mixers which s a t i s f y t h i s l a t t e r equal—impedance 
condition are known as broad-band or double-sideband mixers. 
One method of design of broad-band mixers i s to produce a 
mismatch at the r . f . port i n order to obtain minimum conversion 
l o s s . The general relationships f o r the four types of mixers using 
two d i f f e r e n t models of the diode have been derived. Again the 
conversion loss f o r the Y and Z l a t t i c e mixers i s considerably greater 
than f o r G and H l a t t i c e mixers. I n the case of the l a t t e r type of 
l a t t i c e mixers they both reach a t h e o r e t i c a l l i m i t of 3 db f o r the 
conversion loss. 
An a l t e r n a t i v e approach, i n the design of a broad-band mixer i s 
to obtain matching conditions at the r . f . and i . f . ports.On equating 
the signal and image terminating impedance a general quartic equation 
i s obtained. This equation must be solved i n order to obtain the 
required terminations at the r . f . and i . f . ports and the conversion 
loss. For p r a c t i c a l diodes i n the case of Z and G l a t t i c e mixers the 
q u a r t i c equation reduces to a quadratic one and a s o l u t i o n i s r e a d i l y 
obtained. For p r a c t i c a l H mixers the q u a r t i c equation reduces to a 
cubic one and a s o l u t i o n i s obtained using Cardan's formulae. The 
conversion power loss p l o t shows a presence of the optimisation e f f e c t 
previously encountered i n the case of a narrow-band image s h o r t - c i r c u i t 
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H mixer. The transcendental equation d e f i n i n g the l o c a l o s c i l l a t o r 
d r i v e necessary to obtain minimum conversion loss i s i n f a c t the 
same f o r the two H mixers. For lossless diodes at i n f i n i t e d rive 
the conversion loss f o r a matched broad-band H mixer reaches a 
t h e o r e t i c a l l i m i t of 3 db. I n the case of the broad-band Y mixer 
matched at the r . f . and i . f . ports the r e s u l t i n g q u a r t i c equation 
i s solved w i t h the help of a computer. The e f f e c t of the l o c a l 
o s c i l l a t o r drive and the diode series resistance on the terminations 
at the r . f . and i . f . ports and the conversion loss i s shown. 
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Figure 3,14 Optimum termination at i . f . port of an H mixer with image open-
c i r c u i t as a function of l o c a l o s c i l l a t o r drive 
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Figure 3.24 B a s i c equivalent c i r c u i t of a G l a t t i c e mixer 
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CHAPTER IV 
The E f f e c t of the Diode Capacitance on the 
Performance of L a t t i c e Mixers 
4.1 I n t r o d u c t i o n 
A number of authors [J-JI have investigated the e f f e c t of the 
diode reactive p a r a s i t i c s Cnormally j u n c t i o n capacitance) on the 
performance of s i n g l e diode mixers. The analysis normally consists 
of three p a r t s . F i r s t l y i t i s assumed that the diode j u n c t i o n 
capacitance and j u n c t i o n resistance are non-linear elements represented 
as a p a r a l l e l c i r c u i t f o r which the Fourier c o e f f i c i e n t s are determined 
using large signal analysis. Then, using small signal analysis the 
optimum terminations at the r . f . and i . f . ports are found f o r the 
minimum conversion loss. F i n a l l y , the noise performance of the mixer 
i s predicted. 
The most d i f f i c u l t problem i n the analysis of mixers i s to determine 
the Fourier c o e f f i c i e n t s of the pumped resistance and capacitive wave-
forms. Very often, i t i s assumed that the voltage waveform of the l o c a l 
o s c i l l a t o r at the diode j u n c t i o n i s sinusoidal and hence the harmonics 
of the l o c a l o s c i l l a t o r are s h o r t - c i r c u i t e d . I n consequence the Fourier 
c o e f f i c i e n t s obtained become only a f u n c t i o n of the amplitude of the l o c a l 
o s c i l l a t o r d r i v e . However i t i s found that the diode p a r a s i t i c s a f f e c t 
the waveform of the l o c a l o s c i l l a t o r at the diode j u n c t i o n . The Fourier 
c o e f f i c i e n t s of the matrix equation describing the mixer are therefore 
not only a function of the amplitude but also depend on the shape of the 
l o c a l o s c i l l a t o r waveform present at the diode j u n c t i o n . 
F i e r i and Cohen LSJ investigated the e f f e c t of the diode p a r a s i t i c s 
on the voltage and current waveforms present at the j u n c t i o n of 
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Schottky-barrier diodes, using the numerical i n t e g r a t i o n algorithm 
(Runge-Kutta). I n t h e i r analysis F i e r i and Cohen assumed that 
the embedding network can be treated as a simple lumped c i r c u i t . 
Egarni CO using a harmonic balance technique has been able to 
analyse a mixer w i t h a r b i t r a r y embedding impedances. He found, 
however, that the convergence was d i f f i c u l t to obtain when there 
are a number of l o c a l o s c i l l a t o r harmonics present. Gwarek Qioj 
t r e a t i n g the embedding network as a simple lumped c i r c u i t element 
i n series w i t h a number of voltage sources, one at each harmonic 
of the l o c a l oscillator,was able to overcome the problem of 
convergence. Kerr Q l ] determined the large-signal current and 
voltage waveforms f o r a single diode mixer by t r e a t i n g the non-
l i n e a r problem as a series of r e f l e c t i o n s between the diode and 
embedding network. The algorithm t r e a t s the diode i n the time-
domain and the embedding network i n the frequency domain. 
Based on Kerr's method of analysis the performance of single 
diode mixers has been obtained by Siegel Q f ] . Stracca Q.3[ has 
also investigated the e f f e c t of diode p a r a s i t i c s on the performance 
of a single-diode mixer using fourth-order Kutta-Mason numerical 
method• 
The e f f e c t of the diode p a r a s i t i c s on the performance of balanced 
and double-balanced l a t t i c e mixers has also been investigated by a 
number of authors Q^"i3» As i n the case of single diode mixers, 
the e f f e c t of the diode p a r a s i t i c s on the waveform of the l o c a l 
o s c i l l a t o r has usually been ignored. Rustom and Howson Q f J have 
investigated the mixer noise f i g u r e of Z, Y, H and G r e s i s t i v e mixers 
using an improved r e s i s t i v e diode model. A computer-based analysis 
indicated t h a t the best noise f i g u r e i s obtained i f the i n t e r n a l 
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pump resistance i s large. They also confirmed the conclusion 
reached by Stracca [ l 9 ] that H and G mixers w i t h a current drive 
are most promising mixer c i r c u i t f o r low system noise f i g u r e . 
Both Howson and Stracca used computer based numerical methods 
and neglected the e f f e c t of the diode reactive p a r a s i t i c s on the 
performance of a mixer. I n t h i s chapter an a n a l y t i c a l s o l u t i o n 
has been obtained showing the e f f e c t of diode capacitive p a r a s i t i c s 
on the waveshape of the current flowing i n the diodes of a double-
balanced l a t t i c e mixer. I n the analysis i t has been assumed that 
the l a t t i c e mixer i s driven by a l o c a l o s c i l l a t o r having a large 
i n t e r n a l resistance and a sinusoidal current waveform. Using the 
a n a l y t i c a l expression f o r the diode current waveform the c o e f f i c i e n t s 
of the matrix equation describing the l a t t i c e H mixer have been 
determined. F i n a l l y , the e f f e c t of the diode p a r a s i t i c capacitance 
on the performance of the l a t t i c e H mixer was examined. 
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4.2 Large Signal Waveforms i n a L a t t i c e Mixer w i t h Capacitance 
The e f f e c t i v e c i r c u i t of a l a t t i c e c o n f i g u r a t i o n of diodes 
seen by the l o c a l o s c i l l a t o r current d r i v e i s shown i n Figure 4.1, 
where the diode p a r a s i t i c s (diode j u n c t i o n capacitance C j , diode 
package capacitance Cp, and diode series resistance r ) have been 
s 
included. At low frequencies the reactance of the diode capacitive 
p a r a s i t i c s i s large and t h e i r e f f e c t on the diode current can be 
neglected. At high frequencies, however, as the reactance of the 
diode capacitive p a r a s i t i c s i s reduced, the current through each 
diode i s modified. To examine a n a l y t i c a l l y how the diode current 
i s affected by the diode pa r a s i t i c s using the e f f e c t i v e c i r c u i t 
shown i n Figure 4.1 i s a considerable task but i t i s possible 
to make the following approximations 
( i ) The diode j u n c t i o n capacitance C. i s a non-linear function 
J 
of the diode j u n c t i o n voltage but may be 
approximated to a constant value 120, 2l| given by, 
C. « C(0)/2 * (c. - C. ^)/2 4.1 
J ^ Jmax Jmin 
where C. and C. are the diode j u n c t i o n capacitances 
**max ^min 
at extreme values of the operating conditions and C(0) i s 
the diode j u n c t i o n capacitance at zero bias voltage, 
( i i ) The value of the diode package capacitance i s assumed 
constant and independent of frequency and l o c a l o s c i l l a t o r 
current d r i v e . 
( i i i ) I t i s assumed that the l a t t i c e mixer i s pumped by a 
sinusoidal current drive having a very high i n t e r n a l 
impedance. 
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Using the above approximations an analogue model of a high-
frequency l a t t i c e mixer was constructed and the e f f e c t s of the diode 
p a r a s i t i c s on the diode current was examined. For a t y p i c a l range 
of diode capacitances the shape of the diode current i s as shown i n 
Figure 4.2(a). To a f i r s t approximation i t was found experimentally 
that the current through each diode i s a truncated half-wave r e c t i f i e d 
sinewave as shown i n Figure 4.2(b). 
Further experimental investigations indicated t h a t the diode 
series resistance had a n e g l i g i b l e e f f e c t on the angle of truncation. 
I t does not a f f e c t the angle of truncation because the product f I r ' 
s 
i s not s i g n i f i c a n t enough during the switching period when a l l four 
diodes are held i n the f o f f r condition by the charged diode capacitance. 
As a r e s u l t of the above approximations and i n i t i a l experimental 
i n v e s t i g a t i o n s , i t was decided to analyse the c i r c u i t shown i n Figure 
4.3, where C i s the e f f e c t i v e diode capacitance given by, 
The e f f e c t i v e diode capacitance C , by v i r t u e of equation 4.1, can be 
regarded as constant and only l i m i t s the performance of a l a t t i c e mixer 
at high frequencies (22]. 
The voltage developed across the four diodes i n Figure 4.3 i s 
governed by the f o l l o w i n g d i f f e r e n t i a l equation, 
e 
C ~ 4C + 2C. 
e P J 4.2 
C + 21 ( e a V -C e dt s U e ) « 2Ip s i n a) t P 
4.3 
I t i s convenient next to introduce the f o l l o w i n g parameters 
6 = a) t P 4.4(a) 
4.4(b) 
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and a change i n a v a r i a b l e , 
y = Ke 4.4(c) 
Equation 4.3 can now be expressed i n the form, 
.ft y s i n 6 K de 4.5 
where 
to C a) C r,K a) C r, - P e B P e b p e b 
6 " 2al 2 4X P 
4.6 
An a n a l y t i c a l s o l u t i o n of the non-linear d i f f e r e n t i a l equation 
4.5 i s s t i l l extremely d i f f i c u l t , but an approximate expression f o r 
the angle of truncation can be obtained by solving the equation i n 
two regions; 
and matching the two solutions to s a t i s f y the condition of p e r i o d i c i t y 
f o r y. 
2 2 
The condition K « y corresponds to the part of the cycle of 
the current when the diode i s f u l l y conducting and therefore the 
diode current i s much greater than I g the diode saturation current. 
On the other hand, when the diode i s i n the reverse bias region of 
2 2 
the cycle, the condition y « K i s applicable. The s o l u t i o n f o r 
the angle of truncation 6^ using equation 4.5 i s shown i n Appendix V 
to be 
The logarithmic term of equation 4.7 varies slowly f o r large 
changes i n e and hence i t can be f u r t h e r s i m p l i f i e d t o the form, 
•A1 represents the logarithmic term i n equation 4.7 and can be 
regarded as constant. 
( i ) K 2 « y 2 
( i i ) y 2 « K 2 
5 
2 .6 2 ,2e s i n ( c72) 4.7 
s i n 2 ( ec/2) * A | 4.8 
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4.2,1 Experimental Results 
A low frequency model of a l a t t i c e mixer was constructed and tested 
at 50 KHz. HP 2833 diodes were used and from preliminary tests 
performed on these diodes, i t was found t h a t I g = 8 x 10 *°A, 
r, • 3.4 x 10^ft. The current d r i v e was adjusted so that the normalised 
D 
current drive K was 7 x 10 , where the parameter K i s defined by 
equation 4.4(b). 
Figure 4.4 shows a comparison of the t h e o r e t i c a l values given 
by equation 4.8, w i t h the measured r e s u l t s of the angle of truncation 
of the diode current f o r a t y p i c a l range of capacitances. 
The e f f e c t of the angle of tr u n c a t i o n i s that i t modifies the 
frequency spectrum of the diode current by introducing a s i g n i f i c a n t 
number of odd harmonics. The harmonic content of the diode current 
was t h e o r e t i c a l l y predicted by assuming that the diode current i s 
zero f o r angles less than the angle of truncation 6 and sinusoidal 
from 6 to I T . The t h e o r e t i c a l and measured values of the harmonic c 
components normalised r e l a t i v e to the fundamental are shown i n Figure 
4.5. 
The harmonic content of the voltage across the diodes can be 
obtained by i n t e g r a t i o n of the expression f o r the capacitor current. 
Figure 4.6 shows a comparison between the measured and predicted 
values of the harmonic content of the voltage both normalised r e l a t i v e 
t o the fundamental. I n both cases close agreement between the t h e o r e t i c a l 
and experimental r e s u l t s i s evident. 
4.3 The E f f e c t of the Diode P a r a s i t i c Capacitance on the Coefficients 
of the H Mixer 
I t has been shown that the e f f e c t of the diode p a r a s i t i c 
capacitance on the current waveform through the diodes i s to produce 
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a truncated half-wave r e c t i f i e d sinewave shown i n Figure 4.2. The 
current flowing through each 'on' diode can he expressed i n the 
form, 
i * i f l + s-CtTI I cos u) t 4.8(a) i '— I —1 P P 
while the current flowing through each 'off 1 diode i s given by, 
io - i R + •o(t)l I cos w t 4.8(b) 
Z 1— Z —J p p 
where s^(t) and are two switching functions defined as, 
s x ( t ) - -1 for * u p t * ^ | + 6 c 
1 for ^ + 6 * a) t * */2 4.9(a) z c p 
= -1 for i i o i t ^ + S Z p z c 
and 
s 2 ( t ) = 1 for ^ | * o>pt * i + 8 c 
' -1 for J • ec * a>pt * i f 
The waveforms of the two switching functions s^( t ) and s 2 ( t ) are 
shown i n Figure 4.7. 
The equivalent c i r c u i t of the l a t t i c e mixer using the bisection 
theorem i s shown i n Figure 4.8(a). Taking into account the 180° phase 
difference of the local o s c i l l a t o r current in the two pairs of 
diodes, the time-varying resistances can now be expressed in the form, 
r + C t ) • i * m * m BX(t) 4-10(a) 
and r 
r-<c> - 1 - m * x«) >2fa> 4 - 1 0 ( b ) 
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where X(t) i s the normalised l o c a l - o s c i l l a t o r current-drive and r, 
b 
i s the slope resistance of the diode at the o r i g i n . 
The e f f e c t i v e diode capacitance at the i . f . port of the mixer 
can be incorporated i n the p a r a l l e l tuned c i r c u i t , i n the case of the 
H mixer and the equivalent c i r c u i t of the l a t t i c e mixer reduces from 
that shown i n Figure 4.8(a) to that shown i n Figure 4.8(b). The 
o v e r a l l general c i r c u i t matrix [V] f o r the c i r c u i t shown i n Figure 
4.8(b) i s , 
H - H H H 4-11(a) 
i , where 
ju)C , 1 + jo)r C , J e' J s e 
4.11(b) 
i s t n e general c i r c u i t matrix of the diode l a t t i c e network i.e 
Da-
and 
C, D 
l 1 r . 
4.11(c) 
4.11(d) 
Su b s t i t u t i n g equation 4.11(b), 4.11(c), 4.11(d) i n t o equation 4.11(a) 
res u l t s i n the fo l l o w i n g expression f o r the general matrix L*L)> 
A + Cr B + r Q) + A + C ) s r s 
jcoC (A + r C) + C, jwC |B + r (A + C + D ) + D + C e s e * s r 
4.12(a) 
I f the c u t - o f f frequency co^  of the diode i s defined as 
u = /C r c e s 
then equation 4.12(a) becomes, 
A + Cr B + r C A + D + C r ) , s * s ^  s/ 
•p- j (u>/a>c) 
s 
C ( l + j (o/w\ 
i £-> f [ B + r s C B + D + c s L l 
c s + 
D + C 
4.12(b) 
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to Provided — « 1 equation 4.12(b) becomes 
03 
H 
A + Cr . B + r (A + D + r C) 
5 D + C r s 
4.13 
and the e f f e c t of the'diode capacitance Ce on the small-signal 
analysis can be neglected. 
Neglecting the e f f e c t of the e f f e c t i v e diode capacitance C on 
e 
the small—signal analysis, the general matrix equation describing 
an H mixer i s shown below, 
where 
n even 
n 
n 
n 
odd 
P n 
odd 
P n 
nodd 
noj t , I , P 1 
nto t , 
P 2 
Za cos niD t • n p 
2&s + r , ^ ) G s : r - t t j ) 
2r + r ( t ) + r ( t ) s + — 
4.14(a) 
4.14(b) 
r _ ( t ) - r + ( t ) 
Eb cos nco t = -z - r r r — ; TZ\ 
n p 2r + r + ( t ) + r _ ( t ) 
4.14(c) 
and 
Ec n cos w t = 2 r + r ( t ) + r ( t ) 
s + — 
4.14(d) 
Using equations 4.10(a) and 4.10(b) i t can be shown t h a t , 
r b (2 + X ( t ) (J^t) + s 2 ( t ) ) ) 
1 + X ( t ) ( " s 1 ( t ) + s 2 ( t ) ^ ) + X(t)2£Sl(t)s2(t) + s 2 ( t ) - s x ( t ) - l) r ( t ) + r _ ( t ) = 
4.15(a) 
M M
 r b X ( t ) C 2 + S l ( t ) - 8 2 ( t > ) 
r _ ( t ) - r ( t ) j ^ 27 \ 
1 + X ( t ) f s ^ t ) + s 2 ( t ) J + X ( t ) z ^ S l ( t ) s 2 ( t ) + s 2 ( t ) - s x ( t ) - l j 
4.15(b) 
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and 
2 
r _ ( t ) r + ( t ) « ~ * ± - I r 
1 + X(t) ( ^ ( t ) + s 2 ( t y + X ( t ) Y S l ( t ) s 2 ( t ) + s 2 Ct) - s 1 Ct) - IJ 
4.15(c) 
The various combinations of the two switching functions s^(t) and 
s 2 ( t ) used i n the above equations are shown in Figure 4.9 where i t can 
be seen that, over a complete cycle of the local oscillator current 
drive, 
s 2 ( t ) - s x ( t ) + s x ( t ) s 2 ( t ) - 1 = 0 4.16 
Substituting equations 4.16, 4.15(a), 4.15(b) and 4.15(c) into equations 
4.14(a), 4.14(b), 4.14(c) and provided that r, » r then, 
D S 
Za cos nw t * 2r + 0 , a—7z\—: TTTN 4.17(a) n p s 2 + X(t) Q^Ct) + s 2 ^ t ^ } 
XCt) (2 + s.Ct) - a At)) 
2 Ec cos nil) t 2 — n p r. 1 " 2 * X C t l ^ s J ( t ) * s 2(t]L} 4.17(c) 
I t i s interesting to note that i f the effect of diode capacitance 
C on the diode current waveform i s neglected, then s. (t> - s^(t) and e 1 / 
equations 4.17(a), 4.17(b) and 4.17(c) are given by the matrix equation 
3.37 derived i n Chapter I I I . 
Substituting equations 4.17(a), 4.17(b) and 4.17(c) into the matrix 
equation 4.14(a) and on equating components of the same frequency, the 
coefficients of the H matrix can be expressed in the form, 
3TTy 2 d(cj t ) 
*11 " 2 r s + h. j 2 + x ( B l ( t ) f f 2 ( t ) j cos ay: 4 ' 1 8 ( a > 
IT . . ^ v * P 
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3ir/2 (l * s.Ctl - s.Ct)) cos co t 
h 1 2 ~ 2 ? ) 2 , x ( S l ( t ) T s 2 W ; cos I t d S ° 4 * 1 8 C b ) 
h22 
if
 3r /2 d (v° N 
3 */2 cos C2to t) 
^ 3 ^ 4 ) 2 ^ s 1 ( t ^ s 2 & j c o s . p t d V } 4 ' 1 8 C d l 
-7Ty 2 
The above integrals containing the two switching functions s-iCtl 
and s 2 ( t ) can be evaluated by carefully choosing the limits of integration 
Figure 4*9 shows that; 
in the range ~*J2 to - y + 6 c s ^ t ) + s 2 ( t ) * 0 
in the range - j «• Bq to */2 s ^ t ) + s 2 ( t ) « 2 
in the range j to ^  + 6 c s^Ct) + * 0 
i n the range j + 9 c to — s ^ t ) + s 2 ( t ) * -2 
Solving the above integrals the following expressions for the 
coefficients of the H matrix are obtained:-
h n = 2 r s + ~ l ( e c + i) 4-19(a> 
> ±(x • cos 
H - ^ f i - i * «") 4 19CO 22 r f c V. ir irXy 
h12 
h13 ! | Q s i n 26 c • | ( i • cos 8 C ) - -| - e j ) 
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where 
U = log ( S ^ 4.19(e) 
e M + 2X tan ( c/2) ' 
I t i s i n t e r e s t i n g to note that i f the e f f e c t of the diode e f f e c t i v e 
capacitance on the diode current waveforms i s neglected i . e . 0 c 0, 
then, 
2 r h h. = 2r + — £ log 2X 4.20(a) 11 s TTX & e 
h 1 2 * 2 / T T 4.20(b) 
h13 " " I G " 5 l o ge 2 0 4.20(c) 
h 2 2 « 2 7 r b 4.20(d) 
The above equations correspond to those derived f o r the r e s i s t i v e 
H mixer i n Chapter I I I . F i n a l l y t f o r a small but f i n i t e angle of 
tru n c a t i o n , 6 , the c o e f f i c i e n t s of the H mixer reduce t o , 9 c ' 
h,. * 2r + r. 6 J-n 4.21(a) 11 s h e 
h 1 2 * 2 / T T 4.21(b) 
b. = - ^ s i n 26 4.21(c) Lo ZTT C 
h 2 2 - 2 y r b 4.21(d) 
I t i s shown i n t h i s section how the angle of truncation 6 due to the 
c 
diode capacitance Cg a f f e c t s the H parametersand the performance of the 
H mixer i s examined i n d e t a i l i n the f o l l o w i n g section. 
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4.4 The Performance of the H L a t t i c e Mixers w i t h Capacitance 
The e f f e c t of the diode capacitance on the performance of the 
L a t t i c e H mixers having d i f f e r e n t image terminations can now be 
deduced using the general r e s u l t s derived i n Chapter I I and equations 
4.21(a), 4.21(b), 4.21(c) and 4.21(d). 
The parameter 'K^ ' i s given by 
-h 2 
K « — i i - *^L- 4.22(a) o h^ nh, ^  TT6 1"12 
while the parameter 'a1 i s 
h ^ s i n 26 
^ 1 2 0 c 
For small angle of truncation 
a = - 1 2 4.22(c) 
J c 
For an H l a t t i c e mixer w i t h image open-circuit the optimum 
terminations at the r . f . and i . f . ports and the r e s u l t i n g conversion 
loss are, 
R = h.. s , 11 opt 
1 + ( l - KJ* 1 * (l * 2 / T T 6 ^ 
4.23(c) 
opt -1 + 
I n the case of an H l a t t i c e mixer w i t h image-short c i r c u i t the 
parameter K i s given by:-s 
K s -(r^V^rrl) - q » «6yuc - sin z e c ) 4 - 2 4 C a > 
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For small angle of truncation, 
-3 K * 4.24(b) 
c 
The required terminations at the r . f . and i . f . ports and the 
resulting conversion loss are, 
3 
opt 
( i + ^X 1 • k»)1 ~- ^ + * v 7 4-2 5 ( b ) G L * h22 ' 1 + K 1 1 ~ K opt * 
i + f i - K ^ i + f i + Ve 2)* 
Finally for a broad-band mixer the parameter i s given by, 
2K 
G IT (2ec - 8 s i n 2ee) 4- 2 6 G t I 
For small angle of truncation, 
^ « ~6/*ec3 4.26(b) 
The required terminations at the r . f . and i . f . ports and the 
resulting conversion loss are, 
R 
sopt h n 6 + 06 - $ • 2r ec3 C1 + *Mcf 4*27(a) 
GL , = h22C1 • v)' • 1:6 * 6/ir9c3)J 4-27Cb) 
opt x ' b 
s . » E -a9..' 6 * E« 'M3') 4 2 7 C C ) 
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Figures 4.10 to 4.13 show how the conversion loss and the required 
terminations at the r . f . and i . f . ports vary as a function of local 
oscillator drive over a typical range of diode effective capacitance 
( %01 pF to 3.5 pF), for the three types of l a t t i c e mixers. I t can be 
seen that the main effects of the diode effective capacitance i s to 
considerably increase the conversion loss for low local oscillator 
drive and increase i n magnitude the required terminations for the 
three types of l a t t i c e H mixers. 
lo minimise the effect of the diode capacitive parasitics on the 
performance of l a t t i c e mixers, i t i s necessary to reduce the angle of 
truncation 6 and hence reduce the parameter e (see equation 4.6), c 
Equation 4.8 indicates that the parameter e i s reduced i f the local 
oscillator frequency i s lowered and/or the local oscillator drive i s 
increased. However, the local oscillator frequency i s normally fixed 
depending on the application of the mixer and there i s a practical 
limit to how much power can be obtained from the local o s c i l l a t o r . 
An alternative method of reducing the angle of truncation of the 
diode current i s to reduce the output resistance of the local oscillator 
and allow the effective diode capacitance to discharge during the 
switching action of the four diodes. This reduction of the angle of 
truncation by lowering the output impedance of the local oscillator 
was practically verified for the l a t t i c e mixer. In practice, a compromise 
must be made between the need to have a large output impedance of the 
local oscillator to reduce the noise figure of the mixer as suggested 
by Howson and Stracca and the need to lower the output impedance of 
the local o s c i l l a t o r so that the angle of truncation of the diode 
current i s minimised. 
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4.5 Conclusion 
The i n f l u e n c e of diode reactance on the noise f i g u r e and conversion 
Howson, and Glover [ 2 3 , 2A j . The r e s u l t s obtained show the mixer 1 s 
rank i n order of preference f o r low noise f i g u r e and i n p a r t i c u l a r 
i n d i c a t e t h a t the e f f e c t of diode r e a c t i v e components d e t e r i o r a t e s the 
performance of 1Z 1 m i x e r s , e s p e c i a l l y at h i g h frequencies. 
A number of authors [18, 19J have analysed the performance of a 
l a t t i c e mixer where the e f f e c t s of the diode r e a c t i v e p a r a s i t i c s have 
been neglected. The main conclusion reached i s t h a t the current d r i v e n 
'H1. and 1 Gf l a t t i c e mixers produce the best noise f i g u r e i f the i n t e r n a l 
r e sistance i s l a r g e . I n t h i s chapter, the performance of a current 
d r i v e n l a t t i c e fH' mixer has been obtained where the e f f e c t of the 
diode c a p a c i t i v e p a r a s i t i c s has been i n c l u d e d . The r e s u l t s obtained 
are g e n e r a l l y i n agreement w i t h the computer p r e d i c t e d performance 
obtained by Rustom and Howson 
The dominant e f f e c t of the diode c a p a c i t i v e p a r a s i t i c s i s t o produce 
a t r u n c a t e d half-wave r e c t i f i e d diode c u r r e n t . The angle of t r u n c a t i o n 
i s a f u n c t i o n o f the e f f e c t i v e diode capacitance, diode incremental 
r e s i s t a n c e at the o r i g i n and c u r r e n t d r i v e but i s independent of the 
series r e s i s t a n c e of the diode. As a r e s u l t of the angle of t r u n c a t i o n , 
a s i g n i f i c a n t number of odd harmonics of the l o c a l o s c i l l a t o r frequency 
are i n t r o d u c e d i n the frequency spectrum of the diode current waveform. 
Using the t r u n c a t e d half-wave r e c t i f i e d diode c u r r e n t , the 
c o e f f i c i e n t s of the H m a t r i x and the performance of three types of 
l a t t i c e H mixers have been developed. This method of analysis has 
not been discussed i n any of the a v a i l a b l e l i t e r a t u r e . I t i s shown 
t h a t the main e f f e c t of the diode capacitance i s t o considerably 
increase the r e q u i r e d t e r m i n a t i o n s at the r . f . and i . f . p o r t s 
loss f o r s i n g l e diode 'Y1 and ' Zf mixers has been i n v e s t i g a t e d by Gunes, 
E?, }
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necessary t o o b t a i n minimum conversion l o s s . Such h i g h t e r m i n a t i o n s 
cannot be r e a l i s e d i n p r a c t i c e e s p e c i a l l y a t h i g h f r e q u e n c i e s . 
I t i s shown i n t h i s chapter t h a t although the angle of t r u n c a t i o n 
can be minimised by decreasing the l o c a l o s c i l l a t o r frequency and by 
i n c r e a s i n g the l o c a l o s c i l l a t o r d r i v e the most p r a c t i c a l method, 
however, i s t o reduce the output impedance of the l o c a l o s c i l l a t o r . 
A compromise has t h e r e f o r e t o be made between the need t o produce a 
low noise f i g u r e and the need t o reduce the e f f e c t of angle of 
t r u n c a t i o n on the r e q u i r e d t e r m i n a t i o n s a t the r . f . and i . f . p o r t s 
o f the l a t t i c e mixer. Again t h i s p o i n t has not been covered i n the 
l i t e r a t u r e d e a l i n g w i t h the performance of l a t t i c e mixers. 
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Figure 4.2 (a) Sinusoidal current drive and diode current waveform for a range 
of diode capacitance. 
(b) Truncated half-wave r e c t i f i e d diode current where 0 c i s the 
angle of truncation. 
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Figure 4.7 Waveforms of the two s w i t c h i n g f u n c t i o n s S , ( t ) and S«(t) 
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Figure 4.8 (a) E q u i v a l e n t c i r c u i t o f the l a t t i c e mixer using the 
b i s e c t i o n theorem. 
(b) Three two-port networks r e p r e s e n t i n g the l a t t i c e mixer 
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CHAPTER V 
R e a l i z a t i o n of Mixer Embedding Networks 
^ I n t r o d u c t i o n 
At high frequencies waveguides and c o a x i a l l i n e s have e x t e n s i v e l y 
been used i n the r e a l i z a t i o n of mixer embedding networks. However, 
because of the need f o r h i g h p r e c i s i o n e n g i n e e r i n g necessary i n t h e i r 
manufacture, i n c r e a s i n g use i s being made i n s t e a d of p l a n a r transmission 
l i n e s . Such l i n e s not only have the advantage they are cheaper t o 
f a b r i c a t e but a l s o , they are d i m e n s i o n a l l y small so t h a t compact m i c r o ^ 
wave components can be obtained. The a n a l y s i s and p r o p e r t i e s of p l a n a r 
t r a n s m i s s i o n l i n e s ha\ebeen e x t e n s i v e l y covered i n l i t e r a t u r e Q-~U 
are b r i e f l y summarized i n t h i s chapter. 
Coupled m i c r o s t r i p t r a n s m i s s i o n l i n e s c o n s t i t u t e a fundamental 
b u i l d i n g b l o c k o f f i l t e r s associated w i t h i m a g e - r e j e c t i o n mixers. The 
p r o p e r t i e s o f such l i n e s have been considered by many authors f~9-14"| 
but the i n f o r m a t i o n i s u s u a l l y presented i n g r a p h i c a l forms and only 
f o r p a r t i c u l a r values of r e l a t i v e p e r m i t t i v i t i e s o f the s u b s t r a t e s . To 
overcome t h i s problem, i t was decided t o use an a n a l y t i c a l s o l u t i o n t o 
r e l a t e the dimensions of the coupled l i n e s t o the odd and even-mode 
impedances, f o r substrates of any r e l a t i v e p e r m i t t i v i t y . Narrow-band 
bandpass and band-stop f i l t e r s were then designed and t h e i r performance 
e x p e r i m e n t a l l y examined. 
The f i n a l p a r t of t h i s chapter i s concerned w i t h the r e a l i z a t i o n 
of a tunable c o - a x i a l c a v i t y which w i l l ensure t h a t the c o n f i g u r a t i o n 
of diodes i n the l a t t i c e mixer i s pumped by a s i n u s o i d a l c u r r e n t waveform. 
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5.2 Properties of Planar Microstrip Transmission Lines 
Planar transmission l i n e s are now extensively used in the design of 
components or wide-band c i r c u i t elements at high frequencies. Although there 
are d i f f e r e n t forms of planar transmission l i n e s they a l l b a s i c a l l y consist 
•of m e t a l l i c layers separated by d i e l e c t r i c substrate. The ph y s i c a l 
configurations of the three most common planar transmission l i n e s are 
shown i n Figure 5.1 representing microstrip l i n e , s t r i p l i n e and s l o t -
l i n e . One reason why these l i n e s are so frequently used i n microwave 
integrated c i r c u i t s (MIC'sJ i s that the l i n e parameters such as character-
i s t i c impedance and guide wavelength are conveniently defined i n a single 
plane. This section i s primarily concerned with reviewing the properties 
of microstrip l i n e s as such l i n e s are most e a s i l y fabricated using photo-
lithographic techniques. 
Depending on the operational frequency two a n a l y t i c a l approaches are 
normally made to e s t a b l i s h the relationship between the l i n e parameters 
and the geometry of the microstrip l i n e . I f the l i n e i s used at the 
lower end of the microwave frequency range, i t i s assumed that the mode 
of propagation i s almost TEM^and hence q u a s i - s t a t i c methods [if, 2^J, 
including conformal transformation or numerical a n a l y s i s , are applied. 
The a l t e r n a t i v e approach [3^ , T] assumes that the propagation of waves 
i s a mixture of coupled TEM*and T>f*modes and hence demands a more 
rigorous a n a l y s i s . This method of analysis i s applicable i f the micro-
s t r i p l i n e i s used at high microwave frequencies. 
The analysis of propagation of waves along a microstrip l i n e i s 
complicated as parts of the f i e l d s are present i n a d i e l e c t r i c and parts 
i n a i r . Wheeler introduced the concept of an e f f e c t i v e d i e l e c t r i c 
constant (e ) and showed that i t was made up of the d i e l e c t r i c 
r e f f 
constant i n free space ( c ^ - 1) plus the product of the d i e l e c t r i c 
constant of the substrate i n excess of free space (e - 1) and a f i l l i n g 
factor q, i . e . , 
* Transverse E l e c t r i c Magnetic Mode 
Transverse Magnetic Mode 
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c « 1 + q (G - 1) 5.1 
e f f 
The f i l l i n g f a c t o r i s p r i m a r i l y a f u n c t i o n of the w i d t h o f the conductor 
s t r i p W, and the h e i g h t o f the s u b s t r a t e , H. Closed-form expressions 
f o r the e f f e c t i v e d i e l e c t r i c constant have been d e r i v e d by Wheeler 
and Schneider Q>J. Based on t h i s work b u t i n c l u d i n g the e f f e c t o f the 
thickness, t , o f the conductor s t r i p the expressions f o r the e f f e c t i v e 
d i e l e c t r i c constant are given below QQ. 
E + 1 e - 1 „ -\ 
e f f 
e + 0.5 J 
+ o.48 (-^3—) (|) 
if w , •> 
H 
and 
E + 1 E - 1 T T ~ 2 
« ( r o ) + ( r o ) ( 1 + 10 £) 5.2(b) e r v 2 ' • v 2 ' V i ' J-"" H e f f 
H 
The closed-form expression f o r the c h a r a c t e r i s t i c impedance of 
m 
the m i c r o s t r i p l i n e i s 
Z 0 = V ( e r >* 5 - 3 ^ > m e f f 
where 
Z 0 « 6 0 1 o 8 e ( M + ! H ) i f | , i 5.3(b) 
or i f | 5 1 
5 + a - V? ZQ = 120TT/k| + 2.42 - 0.44 ~ + (1 - £) 1 5.3(c) 
The m i c r o s t r i p guide wavelength X^ i s r e l a t e d t o the f r e e space wavelength 
X by the f o l l o w i n g expression. 
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X = X/(e m r 
1 
) 2 5.4 
e f f 
Figure 5.2 shows how the c h a r a c t e r i s t i c impedance (Z^ ) o f a micro-
W m 
s t r i p l i n e v a r i e s as a f u n c t i o n of the r a t i o — f o r the f o l l o w i n g laminates: 
( i ) Duroid ( t r a d e name) w i t h = 10.5 and 2.35 
( i i ) P r i n t e d C i r c u i t Board (P.C.B.) w i t h e - 4.8 
The losses i n l i n e s are mainly due t o the a t t e n u a t i o n i n the conductor 
and i n the d i e l e c t r i c . The t o t a l a t t e n u a t i o n constant a o f the l i n e i s 
a = a + a, c d 5.5 
where a i s the a t t e n u a t i o n constant due to the losses i n the conductor and c 
a, i s the a t t e n u a t i o n constant due t o d i e l e c t r i c l o s s e s , d 
I f i t i s assumed t h a t the c u r r e n t d i s t r i b u t i o n i s u n i f o r m , then the 
a t t e n u a t i o n constant of the conductor can be expressed i n the form, 
a = R JZ W c s 0 m 
R , the r e a l component of the surface wave impedance, i s s 
i 
5.7 R s = (.fu 0/«) 
where f i s the o p e r a t i n g frequency and o the c o n d u c t i v i t y o f the metal s t r i p . 
The a t t e n u a t i o n constant a, o f the s u b s t r a t e i s given by Ct3> 
d 
27.3 r a, - — t a n 6 d X e m r c c e f f 
5.8 
where 6 i s the d i e l e c t r i c loss angle. Values o f tan 6 f o r d i f f e r e n t laminates 
are shown i n Table 5.1 (P.C.B. i n d i c a t e s p r i n t e d c i r c u i t b o a r d ) . 
M a t e r i a l Tan 6 R e l a t i v e 
P e r m i t t i v i t y 
Duroid 0.006 10.5 
Duroid 0.002 2.35 
Alumina 0.0001 9.7 
P.C.B. 0.025 4.8 
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I t has been shown t h a t w i t h low-loss substrates almost a l l losses i n 
a m i c r o s t r i p l i n e are conductor losses QQ* Consequently, the conductor 
loss i n a m i c r o s t r i p l i n e i s about h a l f t h a t of a s t r i p l i n e of the same 
w i d t h and same c h a r a c t e r i s t i c impedance. Thus f o r the same value of 
substrate h e i g h t , H, and c h a r a c t e r i s t i c impedance 50ft, the a t t e n u a t i o n 
constants f o r the two types of l i n e s a r e , 
ct^ X^ • 0.088dB/wavelength - m i c r o s t r i p 
a X = 0.176dB/wavelength - s t r i p l i n e c m o r 
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5.3 Coupled M i c r o s t r i p Lines 
Coupled m i c r o s t r i p l i n e s as i l l u s t r a t e d i n Figure 5.3(a) can be used 
to r e a l i z e f i l t e r s and d i r e c t i o n a l couplers which form basic embedding 
networks i n microwave mixers. The p r o p e r t i e s o f such coupled l i n e s are 
normally expressed i n terms o f odd and even-mode impedances. The odd-
mode impedance, ZQQ> i s de f i n e d as the c h a r a c t e r i s t i c impedance of one 
l i n e when equal but opposite c u r r e n t s are f l o w i n g i n the two l i n e s . The 
even-mode impedance, Z , i s de f i n e d as the c h a r a c t e r i s t i c impedance of 
one l i n e when equal c u r r e n t s f l o w i n the same d i r e c t i o n i n the two H 
Ana l y s i s o f such l i n e s has been suggested by Jones and B o l l j a h n [ ;i i 
who showed t h a t the two coupled t r a n s m i s s i o n l i n e s i n Figure 5.3(b) r'-n 
be describes i n terms of the f o l l o w i n g f o u r p o r t impedance m a t r i x equal:i n 
1 
V 2 
V 3 
_ V 4 _ 
1 1 Z12 Z 1 3 Z14 
21 Z22 Z 2 3 Z24 
31 Z32 Z 3 3 Z34 
:41 Z42 Z 4 3 Z44 
5.9(a) 
where 
Z l l " Z 2 2 = Z33 = Z44 " " J a c o t 
Z 1 2 = Z 2 1 - Z34 - Z 4 3 = " j b C O t 6 
Z 1 3 = Z 3 1 = Z42 = Z 2 4 = " j b c s c 9 
5.9(b) 
and 
Z14 = Z 4 1 = Z23 = Z 3 2 = " 3 a C 8 C 
a - C Z0E + Z 0 0 ) / 2 
b " < Z0E - Z 0 0 > / 2 
5.9(c) 
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6 i s the e l e c t r i c a l l e n g t h o f the coupled l i n e s and i s de f i n e d as 
e = TTf/2f 
o 
where f ^ i s the frequency which causes the l e n g t h o f the coupled l i n e s 
to be a quarter-wavelength. 
I n the design of microwave components such as d i r e c t i o n a l couplers 
and f i l t e r s [ l O - l i ] i t i s necessary t o o b t a i n a r e l a t i o n s h i p between the 
coupled l i n e parameters and ^  as shown i n Figure 5.3(a)) and the 
rl ti 
odd and even-mode impedances. This r e l a t i o n s h i p i s normally e s t a b l i s h e d 
by making a number o f s i m p l i f y i n g assumptions: the l i n e s have f z e r o f 
t h i c k n e s s ; conductor and d i e l e c t r i c losses are neglected; and the qua s i -
TEM mode o f propagation i s assumed. Bryant and Weiss [ I J ] using Green's 
f u n c t i o n have analysed coupled m i c r o s t r i p l i n e s and presented t h e i r 
r e s u l t s i n g r a p h i c a l form f o r s u b s t r a t e s having d i f f e r e n t r e l a t i v e 
p e r m i t t i v i t i e s . Aktarzad [14] has produced a simple set o f equations 
W S from which the parameters — and — can be obtained f o r given values of rl ri 
and Z__. Based on the method of Aktarzad, a set of simple monograms 
have been obtained [ I 5 I which allows simultaneous s o l u t i o n s of ^  and — 
r e l a t i n g t o the r e q u i r e d values o f Z ^ and ZQQ* The basic problem o f 
using the above techniques i s t h a t the r e s u l t s are published i n g r a p h i c a l 
form and only f o r set values o f r e l a t i v e p e r m i t t i v i t i e s o f the s u b s t r a t e s . 
An a l t e r n a t i v e approach used here i s based on the work of Zehentner |l6] 
who a p p l i e d MSTRIP computer programme [I7] t o d e r i v e a power s e r i e s f o r 
W S Z „ and Z._ w i t h respect t o — and rr. The d e r i v e d r e s u l t s , however, OE 00 n n 
are v a l i d o nly f o r values o f i n the range 8 $ c r * 12. The c h a r a c t e r i s t i c 
impedance o f a m i c r o s t r i p l i n e i s p r o p o r t i o n a l t o (e ) [ l ? ] and 
e f f 
t h e r e f o r e odd and even-mode impedances f o r two substrates having e f f e c t i v e 
r e l a t i v e p e r m i t t i v i t i e s e and e are r e l a t e d by the f o l l o w i n g 
r e f f l r e f f 2 
equation 
where i represents 0 o r E. 
Based on the work of Zehentner and equation 5.11 a computer programme, 
given i n appendix V I , was developed t o determine the r e l a t i o n s h i p between 
odd and even-mode impedances and the geometry of the coupled m i c r o s t r i p 
l i n e s f o r s u b s t r a t e s having any r e l a t i v e p e r m i t t i v i t y . Tables 5.2 and 
5.3 show t h a t the r e s u l t s obtained by t h i s method and those a v a i l a b l e 
i n the l i t e r a t u r e [ l 9 ] are i n close agreement. 
Computer-predicted r e l a t i o n s between odd and even-mode impedances 
W S 
and the parameters — and — are also shown i n g r a p h i c a l form i n Figures 
r l H 
5.4, 5.5 and 5.6 f o r the f o l l o w i n g laminates. 
( i ) Duroid w i t h e =10.5 and z =2.35 
r r 
( i i ) P.C.B. w i t h e * 4.8 
Using e i t h e r the computer programme or the r e s u l t s shown i n g r a p h i c a l 
form microwave f i l t e r s u s i n g coupled m i c r o s t r i p c i r c u i t s can be designed. 
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e = 9.6 r 
Dimension Bryant & Weiss Method o f Text 
S/H W/H 
Z0E zoo Z0E zoo 
0.1 164.1 55.4 165.8 52.7 
0.5 96.2 34.5 96.5 34.0 
0.1 1.0 66.5 27.8 66.7 28.2 
2.0 41.7 21.6 41.7 22.4 
0.1 156.0 66.1 155.3 64.5 
0.5 92.2 39.9 92.8 40.0 
0.2 1.0 64.5 31.6 65.2 31.9 
2.0 41.0 23.7 41.3 24.5 
0.1 138.4 83.5 138.1 82.4 
0.5 84.5 49.7 85.0 50.1 
0.5 1.0 60.5 38.1 61.0 38.5 
2.0 39.4 27.4 40.1 27.7 
0.1 126.0 96.6 125.1 95.44 
0.5 77.4 57.7 77.93 58.1 
1.0 1.0 56.5 43.2 56.9 43.8 
2.0 37.6 30.1 37.9 30.7 
TABLE 5.2 
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e = 6 r 
Dimension Bryant & Weiss Method of Text 
S/H W/H Z0E z o o Z0E zoo 
0.2 160 66 159.1 64.7 
0.4 127 54 125.4 52.7 
0.2 0.6 105 46.5 105.3 46.6 
1.0 81 39 80.6 39.5 
1.4 66 34 65.5 35.0 
2.0 51.5 29.5 51.2 30.3 
0.2 145 84.7 142.8 82.8 
0.4 115 66.5 114.2 66.6 
0.5 0.6 97.5 57.0 96.9 57.8 
1.0 75.0 47.0 75.5 47.6 
1.4 62.0 41.0 62.2 41.2 
2.0 49.5 34.0 49.4 34.6 
0.2 130 99 129.5 96.6 
0.4 105 78 104.3 77.4 
0.6 89 67 89.2 66.8 
1.0 1.0 70 53 70.3 54.2 
1.4 57.5 45 58.5 46.2 
2.0 47 38 47.0 38.0 
0.2 120 109 119.0 107.0 
0.4 98 86 96.3 86.0 
0.6 82 74 82.7 73.6 
2.0 1.0 65 58 66 58.9 
1.4 56 49 55.6 49.5 
2.0 45 40 45.5 39.9 
TABLE 5.3 
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5.4 Microstrip Bandpass and Bandstop F i l t e r s 
5.4.1 Introduction 
Two types of microstrip f i l t e r s , band-pass and band-stop can 
t h e o r e t i c a l l y be used not only to allow r . f . s i g n a l to be transmitted 
with minimum attenuation but also to offer open and s h o r t - c i r c u i t 
terminations to unwanted out-of-band modulation products for d i f f e r e n t 
configurations. Jones [V] has shown that band-pass and band-stop f i l t e r s 
may be r e a l i z e d using coupled l i n e s e i t h e r by placing an open-or a 
s h o r t - c i r c u i t at two of the four a v a i l a b l e terminal ports, or by i n t e r -
connecting two of the terminal p a i r s . The the o r e t i c a l performance of 
coupled microstrip bandpass and bandstop f i l t e r s are discussed i n the 
following sections. 
5.4.2 Microstrip Band-Pass F i l t e r s 
The b a s i c forms of iiiicrostrip band-pass f i l t e r s are shown i n Figure 
5.7. An i n t e r d i g i t a l f i l t e r shown i n Figure 5.7(a) consists of quarter-
wave resonators which are sh o r t - c i r c u i t e d at one end and open-circuited 
at the other end. I n Figure 5.7(b) i s shown a comb-line f i l t e r which i s 
made of adjacent quarter-wave elements having a s h o r t - c i r c u i t at one end 
and a lumped capacitance between the other end and ground. F i n a l l y 
i n Figure 5.7(c) the edge-coupled f i l t e r consisting of adjacent resonators 
each half-a-wave long and coupled along h a l f of t h e i r length. 
As an i n i t i a l i n vestigation, a sin g l e - s e c t i o n edge-coupled f i l t e r 
shown i n Figure 5.8(«0 with equivalent transmission l i n e c i r c u i t shown 
i n Figure 5.8(b) was constructed and tested. When the length of the 
coupled s e c t i o n i s a quarter-wavelength the relationship between input 
and output impedances and the even and odd-mode impedance i s 
( Z I N W U C Z 0 E - Z 0 0 ) / 2 5 - 1 2 
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and i n d i c a t e s t h a t the i n t e r d i g i t a l s t r u c t u r e behaves as a quarter-wave 
impedance transformer. The bandwidth of the f i l t e r depends on the r a t i o 
Z00^ Z0E* F o r a n a r r o w " b a n d f i l t e r t h i s r a t i o should be as h i g h as p o s s i b l e 
and the spacing S between the l i n e s i s made as narrow as can.be p r a c t i c a l l y 
r e a l i z e d . Using a laminate whose r e l a t i v e p e r m i t t i v i t y i s 2.35 a f i l t e r 
was designed t o operate between 50ft source and l o a d impedances and to 
o b t a i n the maximum value of the r a t i o Z /Z . The design parameters of 
the f i l t e r are shown i n t a b l e 5.4. 
Z 0 E " z6o : 
W 
H 
S 
H 
162 58 0.6 0.1 
Table 5.4 
The transducer loss L^ , o f the f i l t e r i s given by 
1 ^ = 20 l o g 1 Q |(A + B + C + D)/2| 5.13 
where A, B, C and D are the elements of the normalized o v e r a l l t ransmission 
m a t r i x o f the f i l t e r . A computer programme was developed based on the 
above equ a t i o n t o compare the t h e o r e t i c a l and p r a c t i c a l responses o f the 
f i l t e r and the r e s u l t s are shown i n Figure 5.9. E x c e l l e n t agreement i s 
obtained between the p r e d i c t e d and p r a c t i c a l r e s u l t s . 
Narrow-band, band-pass f i l t e r s r e q u i r e the a d d i t i o n o f redundant 
network elements t o achieve p r a c t i c a l impedance l e v e l s and appropriate 
frequency response. The b a s i c b u i l d i n g b l o c k o f a band-pass system i s 
the low-pass p r o t o t y p e f i l t e r which can be designed t o produce e i t h e r a 
maximally f l a t o r Chebyshev frequency response. For a given number of 
f i l t e r s e c t i o n s , the Chebyshev response o f f e r s the h i g h e s t out-of-band 
a t t e n u a t i o n and consequently two narrow-band Chebyshey band-pass f i l t e r s 
were designed. 
- 102 -
The f i r s t f i l t e r was designed to have a 0.2dB passband ri p p l e and a 
f r a c t i o n a l bandwidth, w, of 0.8. The normalized f i l t e r elements were: 
g Q = 1.0, g ] > - 1.2275, g 2 = 1.1525, g 3 - 1.2275, g 4 = 1.0 
The required odd and even mode impedances were obtained using equations 
given i n reference (2o£ These impedances cannot be p r a c t i c a l l y r e a l i z e d 
using the low-loss duroid laminate whose r e l a t i v e p e r m i t t i v i t y i s 2.35 
because the separation between the s t r i p s would become exceedingly small. 
Consequently the f i l t e r shown i n Figure 5.10 was constructed using a PCB 
whose r e l a t i v e p e r m i t t i v i t y i s approximately 4.8 and i t s design parameters 
are given i n Table 5.5. 
Z O E = 7 1 - 1 
O E o i 
W01 - c 
1.5 
Z O E = 5 6 ' 5 0 E 1 2 
W 1 2 
4 2 - 1 . 9 
S12 
H U ' y 
Z 0 E " 5 6 , 5 0 E 2 3 
W 2 3 S 2 3 
Z0E = 7 1 - 1 0 E 3 4 
W34 S34 
- £ - 0 . 2 
Table 5.5 
As shown i n Table 5.1 the d i e l e c t r i c loss angle of a PCB i s high and 
consequently the d i e l e c t r i c losses are considerably higher than the losses 
i n the copper conductors. For t h i s condition the attenuation loss i n 
the pass-band of the f i l t e r i s given by HII 
L 4.343 Tan 6 J 5 > 1 4 
A w k-1 K 
For PCB, tan <5 = 0.025 j i f ] and using the above equation the attenuation 
loss i n the pass-band of the f i l t e r i s 6.25dB which corresponds c l o s e l y 
to that obtained p r a c t i c a l l y . 
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The second narrow band-pass f i l t e r was designed to haye a f r a c t i o n a l 
bandwidth equal to 0.1 and a O.OldB pass-band r i p p l e . The normalized 
f i l t e r elements were: 
g Q - 1, g t - 0.7128, g 2 = 1.2003, g 3 = 1.3212, g 4 = 0.6476, g 5 « 1.1007 
This type of f i l t e r cannot be rea d i l y constructed using microstrip l i n e s 
as the separation needed between the conductors becomes extremely small. 
Consequently, to reduce the s i z e of the f i l t e r and to obtain the required 
separation between the conductors the h a i r pin f i l t e r shown in Figure 5.12 
was constructed using s t r i p - l i n e s . To determine the required even and 
odd mode c h a r a c t e r i s t i c impedances monograms given by Matthaei [|o] were 
used, and the design parameters of the f i l t e r are shown i n Table 5.6 
Z = 84.5n 
°01 
z o o Q 1 " 3 7 - 5 n ^ 1 = 0 . 2 9 ¥ - 0.07 
0 E 1 2 
Z = 52.5A 
r 12 
T " 0.42 
D 
S 12 
—=• = 0.27 
D 
z - 57.on 
O E 2 3 
z o o 2 3 " 4 4 - 5 f l 
W,, -r - °-44 - £ - 0 . 3 5 
Znv « 59.9fi z o o 3 4 " 4 2 - 5 n 
W34 -r = 0.42 S34 ~ir ° 7 
Z 0E = 8 4 ' 5 45 
W45 - 0.29 0 S45 - r " o - 0 7 
Table 5.6 
The separation between the two copper planes fb f has a value of 3.175 mm. 
The frequency response of the hairpin band-pass f i l t e r i s shown i n 
Figure 5.13 where i t can be seen that extremely sharp cut-off and an 
attenuation l o s s of 8dB in the pass-band has been obtained. 
The p r a c t i c a l r e s u l t s for the three band-pass f i l t e r s show that the 
attenuation i n the pass-band depends not only on the d i e l e c t r i c l o s s e s of 
the substrate, but also on the f r a c t i o n a l bandwidth, w, of the f i l t e r as 
given by equation 5.13. The smaller the f r a c t i o n a l bandwidth, the larger 
i s the attenuation i n the pass-band of the f i l t e r . For t h i s reason narrow-
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band, bandpass f i l t e r s cannot be used i n image-rejection mixers because 
the attenuation i n the passband i s unacceptably high. 
5.4.3 Microstrip Bandstop F i l t e r s 
I t has been shown i n section 5.4.2 that the d i e l e c t r i c loss of the 
copper laminates makes i t d i f f i c u l t to r e a l i z e microstrip narrow-band 
bandpass f i l t e r s where the attenuation in the pass-band i s very low. 
In order to obtain narrow-band mixers, however, the r . f . signal has to 
be transmitted with minimum attenuation while the image-frequency has 
to be strongly attenuated. Such f i l t e r i n g requirement can be more readily 
obtained by using a stopband rather than a bandpass f i l t e r , as the l a t t e r 
provides a low attenuation over a wide-band of frequencies and a high 
attenuation over a narrow-band of frequencies. 
One method of r e a l i z i n g a microstrip bandstop f i l t e r i s to use an 
open-circuit stub shown in Figure 5.14. Computer analysis of such a 
f i l t e r indicates that as the c h a r a c t e r i s t i c impedance of the open-circuit 
increases the bandwidth of the stopband decreases. In order to r e a l i z e 
narrow-band, bandstop f i l t e r the c h a r a c t e r i s t i c impedance of the open-
c i r c u i t stub must be large making i t very d i f f i c u l t to r e a l i z e i n t h i s 
form. 
An a l t e r n a t i v e method of obtaining a narrow-band bandstop f i l t e r i s 
to use coupled microstrip l i n e s as shown i n Figure 5.15(a). The equivalent 
transmission l i n e c i r c u i t of the bandstop f i l t e r i s shown i n Figure 5.15(b), 
where and are the c h a r a c t e r i s t i c impedances of the main l i n e and 
stub respectively. The required relationship between Z Q, Z^ and the odd 
and even-mode impedances of the coupled l i n e s maybe obtained using the 
impedance matrix of coupled l i n e s derived by Jones 
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Defining 
S = j tan 6 
and using equation 5.9(b) i t can be shown that 
5.15 
Z l l Z22 " Z33 = Z44 " a / S 
Z12 " Z21 = Z34 = Z43 ~ b / S 
1 
,2. 2 
Z13 = Z31 = Z42 " Z24 = b ( 1 " S > / S 
5.16 
Z14 = Z41 = Z23 * Z32 = a ( 1 " S > / S 
In p r a c t i c e i t i s convenient to simulate the s h o r t - c i r c u i t shown i n Figure 
5..5(a) by an open-circuit stub as shown i n Figure 5.15(c). For port 3 
of the f i l t e r 
V 3 = Ts VS 5.17 
where i s the c h a r a c t e r i s t i c impedance of the open-circuit stub, while 
at port 2 of the f i l t e r 1^ = 0, so that using equation 5.9(a) r e s u l t s 
in the following two-port matrix equation 
v l 11 
2 
Z13 S _ Z13 Z12 S 
Z 3 + S Z U > 1 4 - Z 3 + S Z U 
14 
Z13 Z12 S 
z 3 • s z u 
Z 1 2 2 S 
z 3 • s z u 
5.18 
The r e l a t i o n s h i p between ZQ and Z^ as defined i n Figure 5.15(b) and the 
odd and even-mode impedances, using equation 5.18, as shown i n Appendix 
V I I are 
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CZrtT, + Z _ ) / 2 OE 00 
3 l i0E + Z 0 0 ] / 2 + Z 0 E Z 0 0 ) 2 ( Z _ + Z _ ) (Z OE 00 
Cz OE 00 
5.19 
I n order to r e a l i z e the bandstop f i l t e r the c h a r a c t e r i s t i c impedance 
Z^ of the stub shown i n Figure 5.15(c) i s a r b i t r a r y provided 
Z 3 < Z 0 ( Z 0 + Z l ) / Z l 5 , 2 0 
Based on the design parameters shown i n Table 4.7, bandstop f i l t e r s 
were r e a l i z e d using PCB and low loss (Duroid) laminates 
Laminate Z0E Z00 
W/H S/H 
PCB 64.4 32.7 1.7 0.1 
Duroid 73.0 41.2 2.2 0.1 
Table 5.7 
Figures 5.16(a) and 5.16(b) show the frequency responses of single 
and double-section stopband f i l t e r s using PCB, while Figure 5.17 shows 
the frequency response of a single-section stopband f i l t e r using the low 
loss laminate. I t i s i n t e r e s t i n g to note from the r e s u l t s obtained, that 
the e f f e c t of the d i e l e c t r i c loss i s to increase the bandwidth but to 
decrease the attenuation i n the stopband considerably. 
Figures 5.18(a) and 5.18(b) show the predicted frequency responses 
of the input and output impedances of the si n g l e - s e c t i o n stopband f i l t e r . 
They indicate that at the design frequency, the input impedance of the 
f i l t e r i s an open-circuit while the output impedance i s a s h o r t - c i r c u i t . 
Open-Circuit Porta of the Bandstop F i l t e r s 
rjiininminifiiffpmn 
S h o r t - C i r c u i t Ports of the Bandstop F i l t e r s 
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Since a network analyser was not a v a i l a b l e , the input and output impedance 
of the f i l t e r were measured using a VSWR meter and a s l o t t e d l i n e . I t was 
found that the r e s u l t s obtained were i n agreement with those predicted by 
theory. I t i s therefore possible to use those type of f i l t e r s to r e a l i z e 
narrow-band image open-circuit or image-short c i r c u i t mixers. 
I t i s of obvious i n t e r e s t i n r e a l i z i n g microstrip narrow-band mixers 
to be able to produce tunable bandstop f i l t e r s . These type of f i l t e r s can 
be obtained at the lower band of microwave frequencies, by replacing the 
open-circuit stub by a variable capacitor as shown in Figure 5.19. The 
stopband frequency of such a f i l t e r (as shown i n Appendix V I I ) i s given 
by the following equation 
^ ( Z 0 E + Z00> ) X c t a n 6 + 2 Z 0 E Z00 ' 0 5 ' 2 1 
The properties of the tunable stopband f i l t e r were investigated and 
r e s u l t s obtained are shown in Figure 5.20 for two computed values of 
capacitance while Figure 5.21 show a general frequency response of the 
f i l t e r over a wide range of capacitance values. The r e s u l t s indicate 
that although the attenuation i n the stopband has a maximum attenuation 
of 13 dB, the f i l t e r i s tunable as predicted by equation 5.21. 
Io increase the attenuation in the stopband a double-section f i l t e r 
was constructed again using a duroid laminate with two variable capacitors 
as shown i n Figure 5.22. Predicted and p r a c t i c a l frequency responses of 
the tunable two-section bandstop . f i l t e r are shown i n Figure 5.23 where 
the two-sections are tuned to d i f f e r e n t frequencies. Figure 5.24 shows 
the behaviour of the f i l t e r i f the two-sections are tuned to the same 
frequency, while Figure 5.25 shows a general frequency response over a 
wide range of frequencies with the two sections again tuned to the same 
frequency. 
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For the two types of stopband f i l t e r s (fixed and tunable) a good 
agreement i s obtained between the predicted response and that obtained in 
pract i c e . The tunable stopband f i l t e r also offers the p o s s i b i l i t y to 
r e a l i z e narrow-band image r e j e c t i o n mixers which can be tuned over a 
limited range of frequencies. 
Microstrip D i r e c t i o n a l Couplers 
I n order to couple the r . f . s i g n a l and the l o c a l o s c i l l a t o r to the 
l a t t i c e network of diodes some form of d i r e c t i o n a l coupler i s necessary. 
Three common types of d i r e c t i o n a l couplers su i t a b l e for thi s purpose are 
shown i n Figure 5.26. 
For the coupled l i n e d i r e c t i o n a l coupler shown i n Figure 5.26(a) the 
coupling c o e f f i c i e n t , K, at the centre frequency i s given by, 
K = ( Z 0 E " Z 0 0 ) / ( Z 0 E + V 5.22 
W S The parameters — and z? necessary to obtain a given c o e f f i c i e n t of coupling 
H ti. 
can be conveniently obtained from the developed computer programme given 
in Appendix VI. This type of coupler, however can only be r e a l i z e d i f 
the coupling i s loose (> 3dB) and i s normally used i n single diode mixers. 
In balanced mixers i t i s necessary to produce tight coupling (3dB) 
and hence e i t h e r a two-branch coupler shown in Figure 5.26(b) or a r a t -
race coupler shown i n Figure 5.26(c) can be used. These two couplers are 
re a l i z e d by having l i n e s which are an odd number of quarter wavelengths 
long. I t may be shown that a normalized admittance matrix of a l i n e a 
quarter wavelength long of c h a r a c t e r i s t i c admittance Z ^ normalized to 
Y o i s 
y • _0A 
0 
o > j 
j 1 o 
5.23(a) 
and i f the l i n e i s three-quarter-wavelength long i t becomes 
y ~ _0A r 0 
0 >-j 
- j 7 0 
5.23(b) 
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Using the above equations and taking the admittance matrix of a 
to be [ 2 3 ] 
0 0 -1 1 
0 0 1 1 
1 1 0 0 
1 - 1 0 0 
5.24 
the relationship between Y Q A and Y Q shown i n Figure 5.26(c) i s 
5.25(a) 
Similarly) for a two-branch coupler the corresponding relationship 
Y0A " V/2 
I S 
Y = Y /2 OB 0 5.25(b) 
where Y Q f i i s defined i n Figure 5.26(b). 
I n the case of the rat-race coupler shown in Figure 5.26(c) the 
s i g n a l applied to port 3 divides equally between ports 4 and 2 where the 
signals are in phase. I f the s i g n a l i s applied to port 1 once again i t 
divides equally between ports 2 and 4 but the signals in the two ports 
are opposite in phase. Port 1 i s decoupled from port 3. The properties 
of a rat-race coupler are therefore s i m i l a r to i t s low-frequency counter-
part, a centre—tapped hybrid transformer and produces the correct phase 
relationship between the r . f . s i g n a l and that of the l o c a l o s c i l l a t o r at 
the l a t t i c e network of diodes. Consequently i t was decided to use the 
rate-race coupler as a means of coupling the r . f . signal and the l o c a l 
o s c i l l a t o r to the l a t t i c e network of diodes. 
Rat-race d i r e c t i o n a l couplers using PCB and low-loss laminate 
(duroid where - 2.35^ were constructed and t h e i r frequency responses 
are shown in Figures 5.27 and 5.28 r e s p e c t i v e l y . I t i s i n t e r e s t i n g to 
note that the performances of the two couplers are very s i m i l a r i n d i c a t i n g 
that the losses i n the laminates do not play as s i g n i f i c a n t a role as they 
do i n narrow-band bandpass and bandstop f i l t e r s . 
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Co-Axial Cavity Resonator 
To ensure that the l a t t i c e network of diodes i s driven by a sinusoidal 
current waveform a s e r i e s tuned resonator has to be used. A convenient 
form of such a resonator consists of a length of co-axial l i n e which i s 
made a multiple of a quarter-wavelength at the resonant frequency. One 
end of the l i n e i s terminated by a s h o r t - c i r c u i t while the other end i s 
terminated by a variable capacitor or inductive loading so that tuning 
can be obtained. To e i t h e r e x c i t e or extract power from the cavity three 
methods are normally used: c a p a c i t i v e or e l e c t r i c f i e l d coupling, inductive 
or loop coupling, or d i r e c t coupling. These three methods are shown i n 
Figure 5.29. The lumped equivalent c i r c u i t of the cavity and the 
cavity length depends on the type of coupling used. The design of such 
c a v i t i e s i s adeqiately covered i n e x i s t i n g l i t e r a t u r e [24-26~|. 
To r e a l i z e the resonator i n compact form i t i s possible to use a 
stepped impedance resonator [27~29] as shown i n Figure 5.30. Tuning of 
the cavity i s obtained by a co-axial capacitance C that e x i s t s between 
the two l i n e s . The expression for t h i s tuning capacitance i s 
, . O s 0 2 4 2 l 5 . 2 6 
where £ i s the distance that the two l i n e s overlap in mm, b i s the i n s i d e 
radius of the hollow conductor and 'a 1 i s the radius of the inner conductor. 
The input impedance looking from the s h o r t - c i r c u i t end of the l i n e 
having a c h a r a c t e r i s t i c impedance shown in Figure 5 30 i s 
Z I N = j Z01 
At resonance Z___ - 0 and IN 
( Z Q 2 tan 6 2 - X c) + Z Q 1 tan d± 
Z Q 1 ? tan e x C Z 0 2 tan ^ - X c) 5.28 
X = Z r t 1 tan 6- + Z_ 0 tan 6 0 5.29 c 01 1 01 I 
- I l l -
The impedances and Z ^ were designed so that there i s a minimum 
loss in the cavity and hence maximum unloaded Q can be obtained. 
A series-tuned cavity whose construction d e t a i l s are shown i n 
Figure 5.31 was r e a l i z e d . The frequency response of the cavity when 
fed from a 50ft source and terminated by a 50Q c r y s t a l detector i s shown 
in Figure 5.32. I t was found that the cavity had a constant response 
shape and bandwidth between 1.3GHz, and 2 GHz. This cavity can therefore 
be used in the l o c a l o s c i l l a t o r c i r c u i t to ensure that the l a t t i c e 
c i r c u i t of diodes i s driven by a sinusoidal current waveform. 
- 112 -
Conclusions 
This chapter has been mainly concerned with the properties of micro-
s t r i p transmission l i n e s and t h e i r applications to r e a l i z e d i r e c t i o n a l 
couplers and narrow-band bandpass and bandstop f i l t e r s . I n i t i a l l y the 
rela t i o n s h i p between the l i n e parameters such as c h a r a c t e r i s t i c impedance 
and guide-wavelength and the geometry of the microstrip l i n e were established. 
A computer programme was then developed to determine the relationship 
between the geometry of the coupled microstrip l i n e s and the odd and 
even-mode impedances. This was done as such a relationship i n not readi l y 
a v a i l a b l e i n l i t e r a t u r e for the type of laminates that are to be used to 
investigate the properties of microwave integrated c i r c u i t double-balanced 
l a t t i c e mixers. 
With a view to passing the r . f . and l o c a l o s c i l l a t o r signals to the 
diodes but presenting e i t h e r open or s h o r t - c i r c u i t terminations to out-
of-band modulation products (mainly image frequency), the properties of 
narrow-band bandpass and bandstop f i l t e r s were investigated. I t was found 
that the loss i n the case of narrow-band bandpass f i l t e r s i s unacceptably 
high making i t d i f f i c u l t to examine the conversion loss of an image-rejection 
mixer. A narrow-band bandstop f i l t e r can be designed to produce adequate 
attenuation at the image frequency and pass the r . f . signal with minimum 
attenuation. A further advantage of the proposed bandstop f i l t e r i s that 
open-circuit or s h o r t - c i r c u i t termination at the image frequency can readily 
be obtained. 
To couple the r . f . s i g n a l and the l o c a l o s c i l l a t o r to the l a t t i c e 
network of diodes d i f f e r e n t types of d i r e c t i o n a l couplers were considered. 
However, because of i t s properties and ease of construction i t was decided 
to use a rat-race d i r e c t i o n a l coupler. 
F i n a l l y ^ a tunable cavity resonator was constructed to ensure that the 
diodes are fed by a sinusoidal current waveform. The c a v i t y constructed 
was found to be tunable over the range 1.3 to 2GHz. 
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CHAPTER VI 
Determination of the Diode Parameters and the 
Performance of Broadband Lattice Mixers 
Introduction 
For the analyses of l a t t i c e mixers, r ^ , a and r ^ play a principal role 
and the accuracy of their values i s of great importance. I n i t i a l l y , 
therefore, the methods used i n the determination of these parameters are 
discussed i n th i s chapter. Then using these diode parameters a theoretical 
relationship between the normalized current drive and the available local 
oscillator power i s derived. This i s done as i t i s not possible to measure 
current d i r e c t l y , especially at very high frequencies, but i t i s possible 
in practice to measure available power. 
Finally, i n terms of the determined diode parameters, t h i s chapter 
examines how the conversion loss of a broadband l a t t i c e varies with local 
o s c i l l a t o r drive for different terminations at the i . f . port. The results 
obtained i n practice are then compared with the theoretical predictions. 
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6.2 Experimental Measurement of the Diode Parameters 
The relationship between the current, I , flowing through a diode 
and the diode junction voltage, V., i s normally expressed in the form 
3 
qVj/nKT 
I = I (e - 1) 6.1 s 
where the constant, n, i s a function of the donor density fY"]. I t i s 
convenient to rewrite equation 6.1 in the form 
a C VA ~ I r s } 
I - 19 Ce A 8 - 1) 6.2 
where i s the voltage measured across the accessible terminals of the 
diode, r i s the diode series resistance and a « q/nKT i s a constant f o r s 
a given diode. 
The above diode parameters a, r and r, the diode incremental resistance 
S D 
at the or i g i n have been used to establish the performance characteristics of 
the l a t t i c e mixers. To measure these parameters i n practice i t i s 
convenient to consider two regions, A and B of the diode characteristic 
shown i n Figure 6.1 [VJ. 
I n the region A of the diode characteristic the current I flowing 
through the diode i s small so that the following approximations maybe 
made: 
Ci) i r s « v A 
Cii) I » l s 
and equation 6.2 can be expressed i n the form 
* n ( l ) = * n ( l ^ ) + aVA 6.3 
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which i s that of a straight l i n e from which the parameters, a and I 
can be easily obtained* 
In the region B of the diode characteristic, where I » I and 
s 
the effect of the potential drop I r cannot now be neglected, equation 
s 
6.2 can be expressed i n the form 
aV, 
6.4 Jtn (I/e ) * - a r g I 
Equation 6.4 again i s i n the form of a straight l i n e from which the 
parameter r g can be determined. 
The three diode parameters for a number of diodes, type HP 2811 
were obtained using an experimental c i r c u i t shown i n Figure 6.2. The 
voltage was measured with a voltmeter having a high input impedance 
while the current I was determined by measuring the voltage across an 
accurately known resistor. 
Typical results obtained for a given diode are shown i n Figures 
6.3 and 6.4 and the results obtained for the four diodes are summarized 
i n Table 6.1. 
Diode r s0» a I S ( A ) r b(Q) 
1 11.49 33.25 6.5 HT 9 4.59 10 7 
2 10.87 35.16 7.8 l ( f 9 3.65 10 7 
3 11.47 35.16 8.85 10~ 9 3.98 10 7 
4 11.83 35.33 7.15 10"9 3.96 10 7 
Table 6.1 
The average diode constants for the four diodes were: 
r = 11.42a, s r, « 4.05 10 D 
,-1 a » 34.72 V 
and these were used to determine the performance of the three types of 
l a t t i c e mixers. 
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Analysis of the Local Oscillator Circuit 
6.3.1 Introduction 
The performance of the different types of the l a t t i c e mixers has 
been obtained as a function of the normalised local o s c i l l a t o r current 
drive, X. At microwave frequencies, however, i t i s not possible to 
measure current d i r e c t l y but the two fundamental quantities that can be 
measured i n practice using available commercial instruments are power 
and voltage reflection coefficient. To compare the performance of 
practical mixers with that predicted by theory i t i s necessary to 
establish a relationship between normalized current drive, X, and one 
the voltage reflection coefficient at the local o s c i l l a t o r frequency, 
to and two the available local o s c i l l a t o r power (P A). p A 
6.3.2 Relationship Between the Local Oscillator Power Delivered to the 
Diode Network and the Normalised Current Drive 
The equivalent c i r c u i t of the l a t t i c e network of diodes as 'seen1 by 
the local o s c i l l a t o r i s shown i n Figure 6.5. The voltage, V ( t ) , developed 
across the diode is 
V(t) * 2 I p £cos aiT"j R(t) 6.5ta) 
where 
r + C t ) . r_(t> 
R C t ) ~ 2Cr +(t) + R_(t» 6 ' 5 ( b ) 
Equation 6.5(b) may be expressed i n terms of the diode parameters 
r», r and the normalised current drive, X ( t ) , and, s ( t ) , the switching 
D S 
function, i.e. 
R(t) * | ^ 2 r j + r b 4 + x ( t ) s ( t ) ) ~ | 6.6 
provided r^ >> r g 
- 120 -
Substituting equation 6.6 into equation 6.5(a) for R(t) results 
V(t) = J Fx cos a) t]Ur + r , / ( l + X(t) s ( t ) ) | 6.7 
«— p p — S D — 
The fundamental harmonic of the periodic voltage V(t) at the 
local o s c i l l a t o r frequency, w^ , i s 
I P/2 -
A i • i f j bp*2 vD li r s + rb/Ci + x ( t ) s(t1D d(a>pt> 
7 6.8 
Equation 6.8 can be evaluated by s p l i t t i n g the integral into two 
ranges: - 11r/2 * to t * */2 and V 2 $ to t £ 3 t T/2 and results i n 
P P 
A = I ( r + 2r,/ar) 6.9 1 p s b 
Finally,the power P^  delivered to the l a t t i c e network of diodes, 
at the local o s c i l l a t o r frequency, a)^, i s 
P D = C2I //2) CA^/2) 
4X2 
= ( r + 2r,/TTX) 6.10 
I I S D 
rb ° 
Equation 6.10 agrees with that obtained by KuleszaQT], 
6.3.3 Time Domain Analysis of the Local Oscillator Circuit 
I t i s not possible to measure d i r e c t l y the local o s c i l l a t o r power 
delivered to the l a t t i c e c i r c u i t of diodes, but i t i s possible to measure 
the available local o s c i l l a t o r power. Hence, i t is necessary to establish 
a relationship between these two quantities so that the actual 
power delivered to the diodes can be found. This relationship i s 
more easily obtained by using time-domain analysis of the local o s c i l l a t o r 
c i r c u i t shown i n Figure 6.6, where the non-linear resistance characteristic 
of the diodes is replaced by a linear time-varying resistance R ( t ) . 
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As the local o s c i l l a t o r current i s constrained to be sinusoidal 
by the f i l t e r the relationship between incident and reflected voltages 
is given by 
a + b = v ( t ) - 21 , R(t). cos to t 6.11 n p' p 
The incident voltage 'a1 i s defined as 
a - E cos o> t 6.12(a) P P 
and the reflected voltage b i s defined as 
n 
b - I B cos nw t 6.12(b) n - n p n=l 
The fundamental harmonic of the periodic voltage v ( t ) of equation 
6.11 i s given by equation 6.9, and therefore 
[— 2r b-j 
b. - I r + —=— cos a) t - a 6.13 1 p L_s TTX J p 
The ref l e c t i o n coefficient p at the local o s c i l l a t o r frequency, w^ , i s 
given by 
b- I fr" + 4^1 - E 
p 
For the local o s c i l l a t o r c i r c u i t shown i n Figure 6.6, and using equation 
6.9, the relationship between E^ and 1^ at the local o s c i l l a t o r frequency, 
o>p, i s given by 
E r r. 
R +-5*-+-4 6.15 I o 2 TTX 
P 
where R is the characteristic impedance, o 
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Combining equation 6.15 and 6.14 results in 
- 1 6.16 
( R + s TTX 
where the voltage reflection coefficient p i s now a function of the normalized 
l o c a l o s c i l l a t o r drive X. 
Final l y ? the relationship between the power available from the local 
o s c i l l a t o r , P^ , and the power delivered to the l a t t i c e c i r c u i t of diodes, 
Pn, is given by 
Using equations 6.10, 6.16 and 6.17 i t is possible to obtain a relationship 
between the available power from the locaL o s c i l l a t o r P^ , the voltage 
reflection coefficient, p, the power delivered to the l a t t i c e network of 
diodes, P^ , as a function of the normalized current drive X. Figure 6.7 
shows the predicted relationship between P^ , P^ , and X while Figure 6.8 
shows the predicted relationship between the voltage reflection coefficient, 
p, and the available local o s c i l l a t o r power P.. 
D 6.17 
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6.4 Predicted and Practical Performance of a Broadband Mixer 
6.4.1 Introduction 
In the case of a broadband mixer, the terminations at the image and 
r . f . signal ports are the same and the theoretical minimum conversion loss 
that can be achieved i s 3 dB (see section 3.3.3). The necessary terminations 
at the r . f . and i . f . ports to obtain this minimum conversion loss were 
shown to be 
R- = | (2 r . r )* 3.46(a) 
SOPT * b 8 
GT = £(2/r.r)* 3.46(b) 
which, however, are extremely d i f f i c u l t to realize i n a mixer using practical 
diodes operating at microwave frequencies. 
An alternative approach i n the design of a broadband mixer is to choose 
terminations so that the r . f . and i . f . ports are matched. At large local 
o s c i l l a t o r drive i t has been shown i n section 3.3.3 that the conversion loss 
obtained i s 4,77 dB and the required terminations then are 
R * 4 r 3.52(a) s s m 
GT = 4/37r2r 3.52(b) 
L S 
m 
These terminations can be more readily realized i n case of a practical 
mixer, although a deterioration of 1.77 dB i n the conversion loss i s the 
penalty. 
The object of the next sections i s to investigate experimentally the 
performance of a simple broadband mixer for different terminations at the 
i . f . ports and to compare the practical results with those predicted by 
theory. 
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6.4,2 Effect of the Termination at the I.F. Port on the Conversion Loss 
of a Broadband Lattice Mixer 
A 3 x 3 'h1 matrix describing a general mixer 
h l l h12 h13 
- h12 h22 " h12 6.18 
h13 h22 h l l 
reduces to the following 2 x 2 matrix when the image port i s terminated by 
a source impedance R 
where 
H l l H12 
-H 1 2 H 2 2 
H l l " h U ( 1 " a / R ) 
H12 = h12 C l " **** 
H 2 2 » h 2 2 Cl + kQ/R) 
6.19(a) 
6.19(b) 
and 
a « h 1 3 / h u 
R * 1 + R /h--s 11 
2 
Ko ' ^ 2 7 h l l h 2 2 
6.19(c) 
The corresponding expression for the conversion power loss (c.p.l.) of a 
mixer is given by 
1 0 
„ 2 where 
c.p.l. * 10 log,,. |L 
t I C R s ^ l l K H 2 2 + GL> + H 1 2 L — 6,20 
4 H12 R s GL 
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The H parameters of equation 6.20 are functions of the normalized 
local o s c i l l a t o r current drive X which i n turn can be expressed i n terms 
of the available local o s c i l l a t o r power P^  as discussed i n section 6.3. 
Based on these theoretical relationships a computer programme was 
developed to show how the conversion loss varies as a function of the 
available local o s c i l l a t o r power P A for different terminations at the 
IF port. 
The predicted relationships between the conversion loss as a function 
of the available local o s c i l l a t o r power for different terminations at the 
i . f . ports are shown i n Figure 6.9. 
6.4.3 Practical and Predicted Relationship Between Conversion Loss and 
Local Oscillator Power 
A low-frequency c i r c u i t model of the broadband mixer i s shown i n Figure 
6.10. A microstrip rat-race directional coupler was designed to simulate 
the centre-*tapped transformer at the r . f . port and to operate i n the L 
frequency band. A coaxial cavity resonator was used i n the local o s c i l l a t o r 
c i r c u i t to ensure a sinusoidal current drive while capacitors and 
were included to ensure that any unbalance i n the c i r c u i t due to stray 
impedances or mismatched between the diodes i s minimized. Four commercially 
available MINI-CIRCUITS (trade name) transformers were used i n turn at the 
i . f . port to transform a 50$ load impedance to: 50ft; 100ft; 150ft; 450ft as 
'seen' by the mixer. The manufacturer's specification of the IF transformers 
used i s shown i n Figure 6.11 Experimentally i t was found that the insertion 
loss of each transformer at 70 MHz IF was approximately 1.2 dB. 
The conversion loss of a mixer i s defined as the r a t i o of the output 
power from the mixer at the IF frequency to the input power to the mixer 
at the RF frequency. A Marconi power meter which i s capable of measuring 
power i n the range 1 uW to 10 mW was used to measure r . f . and i . f . power. 
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To ensure that the only i . f . power was measured an IF f i l t e r type 
Fl 85L having a cut-off frequency of 185 MHz was placed between the i . f . 
port of the mixer and the power meter. The frequency response of the IF 
f i l t e r i s shown i n Figure 6.12 where i t can be seen that an attenuation of 
0.7 dB i s obtained at 70 MHz. 
The method of using a power meter to measure the conversion loss was 
checked by feeding the output from the mixer into a spectrum analyser 
having a frequency range from 1 MHz to 500 MHz. The spectrum analyser 
was calibrated by means of an HP signal generator. I t was found that 
there was a very close agreement between the two methods and consequently 
the conversion loss measurement was carried out using a spectrum analyser. 
For each of the four i . f . terminations the practical and predicted 
conversion loss as a function of the available local oscillator power 
are shown i n Figures 6.13 to 6.16. As can be seen a good agreement i s 
obtained between the theory and practice. 
The predicted and practical results obtained are i n fact similar to 
the conversion loss v local o s c i l l a t o r power characteristic claimed by 
different manufacturer's (Hewlett Packard, Mini-Circuits, Anzac) for 
broadband l a t t i c e mixers as shown i n Figure 6.17. The optimum termination 
at the i . f . port l i e s between 50ft and 100ft, while the r . f . source resistance 
is approximately 50ft so that the minimum conversion loss than can be 
obtained i n practice i s of the order 5 dB. I t i s interesting to note 
that this value of minimum conversion loss is consistent with that 
claimed by the three manufacturers and summarised i n Table 6.2. 
Manufacturer Minimum Conversion Loss 
Hewle t t-Pa ckard 
Anzac 
Mini-Circuits 
5.5 dB 
6.5 dB 
6.2 dB 
Table 6.2 
Broad-Band Mixer designed f o r 1.63®^ 
R.F. Port 
D i r e c t i o n a l Coupler 
L a t t i c e Network of Diodes 
I . F . Matching Network 
n [rmim] rrn m [ T T T T | T T r r p r T T J l 
5 6 I 
I I I I 
! 
cm I 
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Conclusions 
This chapter has discussed how i n practice the diode parameters can 
be determined and, then i n terms of those parameters, a relationship 
between the normalized current and the available local o s c i l l a t o r power 
was derived. This has been done i n order that the mixers conversion 
loss measured i n practice as a function of the available local o s c i l l a t o r 
power, can be compared with the predicted results. To v e r i f y the results 
a broadband l a t t i c e mixer was constructed and tested with different 
terminations at the i . f . port. I t was found that there was a good 
agreement between the predicted and the results obtained i n practice. 
The minimum conversion loss that can be obtained with realizable 
terminations at the r . f . and i . f . ports of the mixer i s of the order 
of 5 dB and i s consistent with the results claimed by different 
manufacturers. 
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CHAPTER V I I 
Performance of Narrow-Band L a t t i c e Mixers 
7.1 Introduction 
In the general a n a l y s i s presented i n Chapter I I I , i t has been shown 
that using i d e a l diodes having zero forward r e s i s t a n c e and i n f i n i t e reverse 
r e s i s t a n c e , i t i s t h e o r e t i c a l l y possible to obtain zero conversion loss with 
narrow-band image open-circuit and image s h o r t - c i r c u i t mixers. I t was 
further shown that, with p r a c t i c a l diodes, i t i s s t i l l possible to obtain 
zero conversion loss i n an image open-circuit mixer, provided i t i s matched 
at the r . f . and i . f . ports* The required terminations, however, are 
u n r e a l i s t i c and d i f f i c u l t to achieve i n p r a c t i c e . 
This chapter, therefore, i n i t i a l l y examines the performance of narrow-
band mixers when terminated by p r a c t i c a l l y acceptable impedances. I t i s 
shown that out of a l l the mixers the image open-circuit mixer s t i l l o f f e r s 
the best p o s s i b i l i t y of obtaining lowest conversion l o s s . The design 
c r i t e r i a and performance ( i n p a r t i c u l a r the losses) of the r . f . and i . f . 
c i r c u i t s of the image open-circuit mixer are examined. Then, the performance 
of the p r a c t i c a l image open-circuit mixer constructed using microstrip 
techniques i s compared with that predicted by the theory. 
7.2 Performance of Narrow-Band Mixers 
7.2.1 Predicted Performance 
I t has been shown i n section 3.3.3 that the required optimum techniques 
at the r . f . and i . f . ports to obtain minimum conversion loss (0 dB) for a 
l a t t i c e image open-circuit mixer are 
R 
opt IT S D 
3.40(a) 
opt e 7 / C r s r b X (3.40(b) 
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I f the diode Ts parameters given i n Chapter V I are substituted into the 
above equations, then the required optimum terminations at the r . f . and 
i . f . ports are extremely large Capprox 1 k8}. Consequently, i t i s 
extremely d i f f i c u l t to realize these terminations i n practice at high 
frequencies. For the l a t t i c e mixer with image short-circuit the corresponding 
optimum terminations at the r . f . and i . f . ports and the resulting conversion 
loss are a function of the local o s c i l l a t o r drive. However, these 
terminations are also large and hence d i f f i c u l t to realize. 
To assess the performance of the two mixers i t was decided to investigate 
the effect on the conversion loss when the i . f . port was terminated by the 
following impedances; 508, 1008, 1508 and 4508. These values were chosen 
as they can be obtained i n practice using commercially available transformers 
Qlini-Circuits}. Figures 7.1 to 7.8 show the computer-predicted results for 
the mixers over a wide range of local o s c i l l a t o r drive. The responses were 
computed for different terminations at the i . f . port and for two specific 
conditions at the r . f . port Ccorresponding to 508 and the required optimum 
impedance for a given i . f . termination).. 
I n the case of the image open-circuit mixer, the conversion loss 
decreases as the L.O. drive and the impedance at the i . f . port increase. 
Further improvement of the conversion loss i s obtained i f for a given i . f . 
port termination, the r . f . port i s matched. For the mixer with image 
short-circuit, the conversion loss increases with local o s c i l l a t o r drive 
and with increasing impedance at the i . f . port. The conversion loss of 
th i s mixer also improves, i f , for a given termination at the i . f . port, 
the r . f , port i s matched. 
I f p r a c t i c a l l y realizable terminations are used at the r . f . and i . f . 
ports, the image open-circuit mixer s t i l l exhibits a lower conversion loss 
than the mixer with image short-circuit. I t was therefore decided to 
investigate the performance of the former mixer i n more d e t a i l . 
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7.2.2 R.F. Circuits of the Image Open-Circuit Mixer 
Based on the design c r i t e r i a discussed i n Chapter V a microstrip 
c i r c u i t consisting of a rat-race directional coupler and two narrow-band 
bandstop filterswere constructed on a low loss substrate (Duroid). The 
directional coupler was designed to operate at the frequency of 1.69 GHz 
and each bandstop f i l t e r was constructed to produce maximum attenuation 
at the image-frequency of 1.76 GHz. The resulting microstrip c i r c u i t 
i s shown in Figure 7.9, where the f i l t e r s were positioned so as the present 
an open-circuit at the diode terminals. The measured frequency response of 
the c i r c u i t i s shown in Figure 7.10 where i t can be seen that the isolation 
between ports 1 and 3 i s i n excess of 20 dB. The coupling between ports 
3-4 and 1-4 match to within 0.3 dB at the signal frequency of 1.62 GHz. 
The overall fixed loss of the c i r c u i t is approx 0.7 dB and assuming that 
the fixed loss of directional coupler i s 0.3 dB (as shown i n Chapter V I ) , 
the f i l t e r by i t s e l f introduces a loss of only 0.4 dB. The tests were 
carried out with a l l ports of the c i r c u i t terminated in matching loads 
of 50ft and the results obtained are i n close agreement with those predicted 
by theory. 
7.2.3 Performance of the Image Open-Circuit Mixer for Different 
Terminations at the I.F. Port 
The i . f . c i r c u i t of the mixer was identical to the one described in 
paragraph 6.4.3 where four commercial transformers were used i n turn to 
convert a 50ft load to: 50ft ; 100ft ; 150ft ; 450ft as 'seen* by the mixer. 
The measured loss of the i . f . c i r c u i t of the mixer was about 1.2 dB at 
70 MHz so that the t o t a l fixed loss i n the mixer including that of the 
coupler and bandstop f i l t e r s was about 1.9 dB. In the local oscillator 
c i r c u i t a co-axial cavity (tuned to 1.69 GHz) was included to ensure 
that the diodes are pumped by sinusoidal current drive. Figures 7.11 
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to 7.14 show the measured and predicted conversion losses as a function of 
the local o s c i l l a t o r drive for different terminations at the i . f . port, 
where the fixed loss i n the mixer has been taken into account. Although 
good agreement i s obtained between the predicted and measured results, 
there are s t i l l a number of problems associated with this mixer which 
are described below. 
1. The conversion loss is high; i t can be reduced i f matching is 
introduced at the r . f . port. 
2. With the l a t t i c e configuration of diodes connected to the microstrip 
c i r c u i t consisting of the coupler and f i l t e r s , the termination 'seen' 
by the bandstop f i l t e r s i s no longer 50ft and this mismatch w i l l 
increase the conversion loss as indicated i n Figures 7.11 to 7.14. 
3. The i . f . termination 'seen' by the mixer depends on the transformer 
used. I t i s convenient to design the i . f . c i r c u i t so that matching 
is obtained at the i . f . port for any termination at the r . f . port. 
The following paragraphs are therefore concerned with the possible 
solutions to the above problems in order to improve the performance of 
the image open-circuit mixer. 
7.3 The I.F. Circuit of the Mixer 
The intermediate frequency i n a down converter i s the lowest frequency 
involved and care must be taken in producing the output c i r c u i t . At t h i s 
frequency the c i r c u i t i s required to perform a number of functions in the 
part of the mixer where the signal level i s lowest. 
The i . f . output c i r c u i t of the mixer shown i n Figure 7.15 consists of 
a wideband balanced-to—unbalanced transformer and a it section. The aim i s 
to transform the required high i . f . output impedance of the mixer down to 
a standard 50ft load. Such a matching network can be realized with lumped 
components and i s conveniently designed by considering i t as two inverted 
1L 1 sections as shown i n Figure 7.16. The common matching resistance 
of the two sections i s given by 
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where 
Q l " *L A , m d 2^ - V * . 
Equation 7.1 shows that the node with the highest terminating resistance 
has the largest Q and hence dictates the bandwidth of the c i r c u i t . An 
interesting property of this ir network i s that the r a t i o of the terminating 
resistances is given by 
*L C 
2 
R s C2 
The above equation is independent of frequency so that and can be 
adjusted to obtain the desired impedance transformation. Although the 
components of the two fL f sections are normally evaluated analytically, 
a greater insight into the properties of the TT matching networks i s 
obtained by using the Smith Chart. I t is shown i n Appendix V I I I that 
the constant <) curves on the Smith Chart are defined by the following 
equation of a c i r c l e 
2 2 
XT + (V + i ) - 1 + i 7.3 
where U and jV are the real and imaginary axes on the Smith Chart of the 
voltage r e f l e c t i o n coefficient. I n i t i a l l y a IT matching c i r c u i t was 
designed to transform 300fi to 50ft so that a Q of three at 70 MHz was 
obtained. The design procedure-for the TT network using the Smith Chart 
i s given i n Figure 7.17 and the values of the c i r c u i t components are 
shown i n Figure 7.18(a). The required inductance of 0.26 uH was obtained 
using 9 turns of 18 gauge wire and following the design c r i t e r i a derived 
i n Appendix IX. The actual value of the inductance was checked using a 
Q meter Ctype IF 1245) and was found to be 0.27 uH. The f i n a l c i r c u i t 
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was constructed using two variable capacitors and the c o i l . The test 
arrangement i s shown i n Figure 7.18(bl: a 2708 resistor (preferred value) 
was placed i n series with the signal generator to obtain matching. I n 
testing the c i r c u i t , the significant relationship i s that of the available 
power from the signal generator to the power measured at the output of 
the c i r c u i t . The predicted loss from mismatch i s 8.066 dBf but i t was 
found that the c i r c u i t introduced an extra loss of 2 dB. To reduce t h i s 
the ir network was redesigned to have a Q of seven at 70 MHz, and an etched 
spiral conductor was produced for the required inductance. The design of 
the spiral inductance i s described i n Appendix tX and the values of the 
components of the IT network are shown i n Figure 7.18(c). The inductance 
was designed to be 148 nH and when checked a value of 150 nH was obtained. 
I n i t i a l l y ^ t h i s inductance was realized using a FCB and then using a low 
loss (Duroid) substrate. As with stop-band f i l t e r s , considerable 
improvement was obtained with, the low loss substrate indicating i t i s 
important, when realizing r . f . networks employing electromagnetic coupling, 
to u t i l i z e low loss substrates. The frequency response of the IT section 
i s shown i n Figure 7.19 indicating a minimum loss at 70 MHz of about 8 dB, 
as an osc i l l a t o r was used whose output impedance i s 50Q. The actual loss 
of the IT network only was accurately checked using a power meter and 
disregarding the mismatch effect was found to be 0.2 dB. Figures 7.20(a) 
and 7.20(fcl show photographs of the complete i . f . section, consisting of 
the broadband transformer and the TT matching network. The frequency 
response of the i . f . section i s shown i n Figure 7.21 where a minimum loss 
of 1.5 dB i s obtained at 70 MHz. This loss i s made up of 0.2 dB produced 
by the ir network and 1.3 dB due to the broadband transformer. 
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7,4 The R.F. Circuit of the Mixer 
Figures 7.1 to 7.4 show the computer predictions of the input impedance 
of the image open-circuit mixer as a function of the local o s c i l l a t o r drive 
for different terminations at the i . f . port. They indicate that i n order to 
obtain minimum conversion loss (approx 2 dB) the required termination at the 
r . f . port should be approx 2008 when the i . f . port i s terminated i n 4508. 
Consequently the condition for minimum conversion loss leads to the stopband 
f i l t e r being mismatched at i t s output port. Figure 7.22 shows the computer 
predicted frequency response of the f i l t e r over a wide range of terminations 
at i t s output port. The analysis indicates that although the attenuation 
in the stopband is not considerably affected, the main effect of the mismatch 
i s to increase the attenuation Cup to 1.4 dB> in the passband. This 
attenuation i n the passband i s not acceptable and therefore i t i s required 
to improve the match between the input impedance of the l a t t i c e network of 
diodes and the output port of the f i l t e r s . 
I t was decided to achieve t h i s by using two quartern-wave transformers 
wi t h each transformer designed to operate at the radio frequency and to have 
a characteristic impedance of 1008. Figure 7.23 gives the computer predicted 
frequency response of the stopband f i l t e r and transformer over a wide range 
of terminations at the output port. As can be seen the attenuation i n the 
stopband i s s t i l l satisfactory but the attenuation i n the passband i s lowered 
C< 0.2 dBi over a wide range of terminations. 
A microstrip c i r c u i t consisting of a rat-race coupler, bandstop f i l t e r s 
and quarter-wave transformers was successfully realized on a Duroid substrate 
as shown i n Figure 7.24. The measured frequency response of the c i r c u i t with 
each output port terminated i n a 508 load i s given in Figure 7.25 and agrees 
with that predicted by theory. Consequently ?it was decided to use t h i s form 
of r . f . c i r c u i t for the f i n a l version of an image open-circuit mixer. 
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7.5 Performance of the Image Open-Circuit Mixer 
The previous paragraphs discussed the theoretical design c r i t e r i a of 
the r . f . and i . f . c i r c u i t s used i n an image open-circuit mixer, to obtain 
minimum conversion loss. The block diagram of such a mixer i n Figure 7.26 
is followed by a photograph of the constructed c i r c u i t i n Figure 7.27. 
The r . f . section consisting of the rat-race coupler, bandstop f i l t e r s and 
quarter-wave transformers was fabricated on Duroid substrate. The bandstop 
f i l t e r s were designed to produce maximum attenuation at the image at 
frequency of 1.76 GHz so that an open-circuit (theoretically) was obtained 
at the diode terminals. The quarter wavelength transformers were designed 
to produce a match at the output ports of the bandstop f i l t e r s . The 
measured insertion loss of the r . f . c i r c u i t at 1.62 GHz was 0.7 dB and 
greater than 20 dB at the image-frequency. 
The r . f . c i r c u i t consisted of a commercial (Mini-Circuit) 1:1 balanced-
to-unb a lanced transformer and a TT matching section. The l a t t e r was designed 
on the lines of the discussion i n section 7.3 and the measured insertion loss 
of the complete i . f . c i r c u i t was 1.5 dB. The t o t a l loss of the embedding 
networks of the mixer produced by the r . f . c i r c u i t (0.7 dB) and i . f . c i r c u i t 
(1.5 dB), was about 2.2 dB. 
The conversion loss of the mixer was measured by spectrum analyser as 
discussed in section 6.4.3 with the r . f . signal level set to - 10 dB . The 
m 
measured conversion loss of the mixer taking into account the fixed losses 
of the embedding networks i s shown in Figure 7.28. The minimum conversion 
loss obtained was 2.1 dB at a local o s c i l l a t o r drive of 15 dB^ and compares 
favourably with the predicted conversion loss of 1.6 dB indicated i n 
Figure 7.3. The extra loss of 0.5 dB i s accounted for by the loss produced 
by the diode stray inductance, imperfect image rejection and a^ny mismatch, 
effects contributed by individual diodes and c i r c u i t . 
1*1 5 
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7,6 Conclusions 
In order to obtain a minimum conversion loss i t i s necessary to produce 
either an open or a short-circuit to the image-frequency component 
generated by the mixer c i r c u i t . I t i s shown that i f p r a c t i c a l l y realizable 
terminations are used at the r . f . and i . f . ports then the image open-circuit 
mixer offers the best p o s s i b i l i t y of obtaining the lowest conversion loss 
and consequently the properties of thi s mixer were investigated experimentally. 
To obtain an image open-circuit mixer i t i s necessary to use an image-
reject f i l t e r to ensure that a highly reactive termination i s produced at 
the diode terminals. Such, a f i l t e r was obtained with the design procedure 
discussed i n Chapter V and the performance of the mixer was investigated 
for four different terminations at the i . f . port. The minimum conversion 
loss obtained for each i . f . termination i s shown i n the table below. 
I.F. TERMINATION MEASURED MINIMUM C.L. (dB) 
50 7.1 
100 5.9 
150 5.1 
450 5.9 
As can be seen the conversion loss reaches a minimum value for an 
i . f . termination of 1508 instead of the predicted i . f . termination of 
4508. This i s due to the attenuation introduced by mismatching the 
f i l t e r at i t s output port and the mixer at i t s r . f . port. 
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To overcome th i s problem and to reduce the conversion loss, the 
mixer was redesigned i n order not only to produce a match at the r . f . 
and i . f . ports, but also to match the output port of the stopband 
f i l t e r . The matching at the i . f . port was obtained with the IT network 
while at the r . f . port i t was realized by using a quarter-wave transformer. 
The measured conversion loss of the f i n a l mixer was improved to 4.3 dB. 
Taking into account the losses of the imbedding networks of 2.2 dB the 
loss of 2.1 dB which i s considered close enough to the predicted value of 
1.6 dB. 
The results obtained for the image open-circuit mixer indicate that 
the model of the diode and subsequent theoretical analysis adequately 
represent the practical conditions encountered. 
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CHAPTER V I I I 
Conclusions and Future Work 
Single-balanced two-diode, and four-diode double-balanced, l a t t i c e mixers 
are usually preferred to single-diode mixers f o r high frequency applications as 
they generate a lower number of unwanted harmonic products and therefore reduce 
associated f i l t e r i n g problems. They also have the advantage of reducing the 
noise c o n t r i b u t i o n from the l o c a l o s c i l l a t o r and e l i m i n a t i n g the decoupling 
problems associated w i t h the l o c a l o s c i l l a t o r c i r c u i t at the r . f . port of the 
mixer. A double balanced l a t t i c e mixer has a f u r t h e r advantage i n that an 
inherent separation of odd and even harmonic products i s obtained f u r t h e r 
reducing f i l t e r problems. Consequently the work presented here has been 
concerned w i t h d e r i v i n g the design c r i t e r i a and properties of l a t t i c e mixers 
working at high frequencies where predictable losses are obtained. 
The general analysis of mixers consists of two p a r t s ; one part i s concerned 
with the behaviour of the diode when pumped by a large signal while the second 
part deals w i t h the properties of the mixer i n r e l a t i o n to the small signals. 
I n Chapter I a review i s carried out of the e x i s t i n g methods of large and 
small signal analysis. I t i s shown that the large signal analysis i s concerned 
w i t h the type of model which i s to be used to represent the behaviour of the 
diode. The e x i s t i n g solutions that are r e a d i l y available assume that the 
diode has e i t h e r b i - l i n e a r or exponential c h a r a c t e r i s t i c s and where the influence 
of diode p a r a s i t i c s i s neglected. The e f f e c t of diode p a r a s i t i c s such as the 
series resistance and capacitance has, however, a considerable influence on the 
performance of mixers i n practice and hence t h e i r presence cannot be neglected. 
The problem of obtaining a n a l y t i c a l solutions to the large signal analysis where 
the e f f e c t s of diode p a r a s i t i c s are included i s formidable and t h i s has lead 
t o employing computer-aided analysis w i t h various numerical by d i f f e r e n t workers. 
CKerr, Cohn, Egarni, Gwarek, Rustum and Howson). 
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When an r . f . signal i s mixed w i t h a l o c a l o s c i l l a t o r signal a whole 
spectrum of harmonic modulation products i s generated. Using pertubation 
methods i t i s possible to analyse a non-linear c i r c u i t i n terms of a number 
of equations each corresponding to the harmonic modulation product present. 
(Torrey and Whitmer). An a l t e r n a t i v e method to the c l a s s i c a l frequency-
domain analysis of mixers i s to adopt a time-domain approach to obtain the 
scattering matrix of the complete mixer. This has been recently suggested 
(Hines). Whichever method i s employed i t i s generally recognised that to 
improve the performance of the mixer i t i s essential that unwanted harmonic 
modulation products generated by the diode are not allowed to dissipate 
power ex t e r n a l l y or i n t e r n a l l y . The most important harmonic modulation 
product i s the image-frequency component, so named because of i t s r e l a t i v e 
p o sition to the r . f . signal i n the frequency spectrum. As i t s magnitude 
can be comparable to that of the signal and i f i t s d i s s i p a t i o n i s not 
reduced, high e f f i c i e n c y of conversion i s not possible. 
I t i s generally accepted that mixers are c l a s s i f i e d according to the 
kind of termination t h a t the image-frequency component 'sees' and normally 
three types of mixers are considered: broadband; narrow-band image open-
c i r c u i t ; narrow-band image s h o r t - c i r c u i t . I n Chapter I I a general analysis 
i s presented where the required terminations at the r . f . and i . f . ports 
are determined i n order to obtain minimum conversion loss f o r four types 
of mixers; two narrow-band and two broadband. The i n c l u s i o n of the f o u r t h 
type of mixer was f e l t t o be necessary because i t i s generally not recognised 
that a broadband mixer can be designed to e i t h e r obtain minimum conversion 
loss or to produce matching conditions at the r . f . and i . f . p o r t s , a 
condition appreciated by microwave engineers. 
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Frequency selective mixers can be used to r e a l i z e Z, Y, G and H l a t t i c e 
mixers according to Saleh's c l a s s i f i c a t i o n and Chapter I I I i s concerned wi t h 
examining the properties of such mixers. The mixer analysis presented i n 
Chapter I I I i n i t i a l l y examined the properties of these mixers assuming that 
the diode has b i - l i n e a r c h a r a c t e r i s t i c s . I t i s shown that there i s a dual 
relationship between X and Y and G and H mixers, and that the conversion 
loss f o r G or H mixers i s lower than the conversion loss f o r Z or Y mixers. 
Then for a sinusoidal current d r i v e the performance of these mixers was 
examined assuming diodes have exponential c h a r a c t e r i s t i c s and where the 
ef f e c t of the diode series resistance i s included. I t i s shown that f o r 
t h i s model of the diode, the d u a l i t y property between the mixers no 
longer e x i s t s . I t i s therefore not possible to use the r e l a t i o n s h i p 
g ( t ) = rCt + TT/U) ) f o r p r a c t i c a l diodes, a r e l a t i o n s h i p assumed by many 
P 
researchers. That r e l a t i o n s h i p i s only v a l i d i f i t i s assumed that the 
diode obeys the b i - l i n e a r law or an exponential law where the e f f e c t of 
the diode series resistance i s neglected. F i n a l l y i n Chapter I I I the 
performance of the four types of l a t t i c e mixers, using the two models of 
the diode and f o r d i f f e r e n t image terminations, are compared. Such comparison 
and discussion of the performances has not been dealt w i t h i n any of the 
available l i t e r a t u r e . As a r e s u l t of the work presented i n Chapters I I and 
I I I two papers have been published by the I n s t i t u t i o n of E l e c t r i c a l Engineers. 
I n large signal analysis i t i s very of t e n assumed that the l o c a l o s c i l l a t o r 
waveform i s sinusoidal at the diode j u n c t i o n so t h a t the Fourier c o e f f i c i e n t s 
are only a fun c t i o n of the amplitude of the l o c a l o s c i l l a t o r d r i v e . Chapter 
IV therefore i n i t i a l l y examines the e f f e c t of diode capacitive p a r a s i t i c s on 
the waveshape of the current flowing i n the diodes of a l a t t i c e mixer. I t 
i s shown that the e f f e c t of these p a r a s t t i c s i s to produce a truncated h a l f -
wave r e c t i f i e d diode current. The parameters a f f e c t i n g the angle of t r u n c a t i o n 
are a n a l y t i c a l l y derived. The r e s u l t s found i n t h i s chapter are very important 
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as i t has been suggested (neglecting the e f f e c t of diode capacitive p a r a s i t i c s ) , 
that the conversion loss and the noise f i g u r e of the mixer are considerably 
improved, f o r a l a t t i c e mixer pumped by an o s c i l l a t o r having a high output 
impedance CHowson, Stracca). A compromise must therefore be made i n practice 
between the need to have a large output impedance t o reduce the noise f i g u r e 
of the mixer, and the need to lower the output impedance of the l o c a l o s c i l l a t o r , 
so that the angle of truncation of the diode current can be minimized. Again 
as a r e s u l t of the work, done i n Chapter IV two papers have been published by 
the I n s t i t u t i o n of E l e c t r i c a l Engineers. 
Chapter V i s concerned w i t h the properties of m i c r o s t r i p planar transmission 
lines and t h e i r a p p l i c a t i o n i n r e a l i z i n g f i l t e r s and d i r e c t i o n a l couplers. 
Coupled m i c r o s t r i p transmission l i n e s form a basic b u i l d i n g element i n the 
r e a l i z a t i o n of many microwave components but the information about t h e i r 
properties i s usually presented i n graphical forms and only f o r p a r t i c u l a r 
values of r e l a t i v e p e r m i t t i v i t i e s of the substrates. To overcome t h i s problem 
an a n a l y t i c a l s o l u t i o n has been suggested. Based on t h i s s o l u t i o n bandpass 
and bandstop m i c r o s t r i p f i l t e r s were r e a l i z e d and t h e i r p roperties examined. 
One i n t e r e s t i n g conclusion reached i s that i n r e a l i z i n g microwave components 
where electromagnetic coupling i s employed, i n order t o obtain a good 
performance low loss substrate should be used. 
Chapter V I i s i n i t i a l l y concerned w i t h the evaluation of diode parameters 
of importance i n the analysis of l a t t i c e mixers. Then using these diode 
parameters a t h e o r e t i c a l r e l a t i o n s h i p i s derived between the normalized 
current d r i v e and the available l o c a l o s c i l l a t o r power. This i s done because 
i t i s not possible i n p r a c t i c e to measure current d i r e c t l y but i t i s possible 
to measure power. Finally^Chapter V I examines the performance of a broad-
band mixer having d i f f e r e n t terminations at the i . f . p o r t and the r e s u l t s 
obtained are compared w i t h those t h e o r e t i c a l l y predicted. I t i s found t h a t 
good agreement i s obtained between theory and p r a c t i c e . 
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I n Chapter V I I the performance of narrow-Band mixers using r e a l i z a b l e 
terminations i s examined. I t i s concluded that the narrow-band image open-
c i r c u i t mixer o f f e r s the Best p o s s i b i l i t y of obtaining a low conversion loss 
f i g u r e . The r e a l i z a t i o n and performance of t h i s mixer are then considered 
fo r d i f f e r e n t terminations at the r . f . and i . f . ports. The design c r i t e r i a 
and the performance obtained at the r . f . and i . f . stages are presented and 
f i n a l l y the performance of the mixer oBtained i n practice i s compared w i t h 
that predicted By theory. Again a good agreement i s oBtained Between the 
predicted performance and that a c t u a l l y oBtained i n p r a c t i c e . 
The performance of t h i s -mixer can be improved i f the losses caused 
by the r . f . and i . f . stages are reduced. Any f u r t h e r work on t h i s mixer 
should therefore consider reducing the losses produced by the imbedding 
networks and i n p a r t i c u l a r the loss produced by the i . f . transformer. 
The optimum performance produced by the narrow-band image open-circuit 
has been obtained at a f i x e d frequency. I t should Be possiBle t o r e a l i z e 
image open-circuit mixers which are tunable over a l i m i t e d range of 
frequencies By applying tunaBle Bandstop f i l t e r s (analysed i n Chapter V). 
The theory presented i n t h i s work has Been concerned w i t h examining 
the required terminations at the r . f . , i . f . and image frequency i n order 
to oBtain minimum conversion loss. For the proposed model of the diode, 
an a n a l y t i c a l s o l u t i o n should Be possiBle t o in d i c a t e the noise performance 
of the mixer. 
I t i s suggested that t h i s Be done i n terms of time-varying conductance 
and time-varying temperature as proposed By Dragone. 
Appendix I 
Derivation of the Co e f f i c i e n t s f o r a Z Mixer 
S u b s t i t u t i n g equations 3.4(a) and 3.4(b) i n t o the general matrix 
equation 3.1 the fo l l o w i n g equations are obtained. 
V- =f I cos ( D t + L cos (2to - a) ) t ) Sa cos nw t 1 \ q q I v p q ' / n p 
fI. - cos (ft) - a) ) t ) Eb 
V, i - f - P q / n 
n even 
cos nca t P 
A l . l 
n odd 
V 0 « f I cos (u t + I - cos (2o) - ft) )t;Ec cos nco t Z ^ q q I P q / a P 
n odd A l l 
+ f I . r cos (ft) - « ) t ) I d cos nw t V, i . f . P q / n p 
n even 
Extracti n g r e l a t i o n s from the above equation at r . f . , image and i . f 
frequencies r e s u l t s i n the matrix equation. 
V 
q 
I . f . = 
w i 
— b. a 1 
1 d 
2 1 2 
a 2 ~ 
f T 
i n 
q 
c l 
9> T x i . f . 
a 
• 0 
A1.3 
Using equation 3.16 i t can be shown t h a t , 
c *= h 1 1 
The c o e f f i c i e n t s of equation A1.3 describing the Z mixer are derived 
as shown below 
2 1 1 
3*/2 
h C r . + ,fc (l + l(t) s(tj) 
^ 1 + 2XCt) s ( t ) d C w 
_ 1 T/2 
t ) A1.4 
-A2 " 
The switching parameter s ( t ) i s defined as, 
s ( t ) = 1 f o r "ir/2 * to t * */2 
P 
A1.5 
s ( t ) - -1 f o r * ^ * to t £ */2 
P 
The i n t e g r a l of equation XQ4 can be evaluated by sectioning i t 
between the l i m i t s ~"]2 to 1T/2 and */2 to 3 7 r/2 i . e . 
1 J/2 . , 1 + X cos (to t ) . 3 l T 2 ^ + ^ 1 ~ x cosCw t))d(a) t •» • = 5 (i» * ' » i . , .%w * 5's b t - g - r v p • p -L/ P ~ i r / 2 * ir/2 
r + r, s _b 
2TT 
TT 
2 ( y + 1 ) d(« t ) + 
2 ("1 + 2X COS (oj pt)) p 
3ir/ 2 
^ c 7 +<"2 ( l - 1 d(cu t 2X cos GO tY P 7 
IT /2 dCo) t ) 
1 + 2X cos (ID t ) P 
- I T /2 
Ai.6 
The i n t e g r a l i n equation A1.6 can now be evaluated using tables of 
i n t e g r a l s and reduces to the form shown below f o r X » 1. 
A1.7 
S i m i l a r l y using equations 3.16 and A1.3 i t can be shown that 
3ir 
. J1 
b 
12 2 2TT 
12 2 
h f b F c x cos 
2 " 2w \ 1 + 
X cos (o) t ) d(u t ) 
P P 
2XCt) s ( t ) 
2n 
*/2 TT 
X cos (a) t ) d(w t ) 
2 E _ + 
1 + 2X COS 03 t 
P 
12 
X cos (oj t ) d(oi t ) 
E E _ 1 - 2X cos (o t P 
- I T 12 TT 12 
- A3 -
TT 12 
I* t ) j d ( a ) t ) P -1 P cos A1.8 1 + 2X cos (OJ t TT 
2 
For X » 1 equation ALB can be evaluated to the form given below. 
b X/l TT 
12 = - \x " 4X2 + 4 X3 log 4 X 
A1.9 
Using the same technique as above i f can be shown t h a t , 
3TT 
/ 2 [ _ ( l + X(t) s ( t ) ) cos (2u) t \ \ d(o) t ) 
13 
tl x± [( U 1 + x ( 1 
2 ~ 2TT \ 1 + 2X(t) s ( t ) A1.10 
-TT /2 
Sectioning the above i n t e g r a l , equation ALIO reduces to 
TT 
13 2TT 
/2 
["cos (2w t)ld(a) t ) 
I — T> —' t> 
r [cos ( 
- T T 72 
2X cos ((O t P-
A l . l l 
For X >> 1 equation A l . l l can be evaluated and r e s u l t s i n the 
follow i n g expression f o r z^. 
b / 1 2 TT 
Z13 = 27 X l 0 8 e 4 X + X • 2X2 + I X 3 log 4X 
"27x0 2 + l o g ^ 4X A1.12 
-A4 -
Appendix I I 
Derivation of the C o e f f i c i e n t s for a Y Mixer 
Substituting equations 3.6(a) and 3.6(b) into the general matrix 
equation 3.1, the following equations can be obtained. 
* i = I V cos <o t + V_ cos (2us - u) ) t ) l a cos nto t l ^ q q I P q / n p 
n even 
+ ( V. - cos (co - <o ) t J l b cos nco t A2.1 ^ i . f . P q / n p 
n odd 
L * [ V cos a) t + V- cos (2OJ ~ co ) t ) Zc cos nto t 2 l q q I p q / n p 
v n odd 
+1 V. - cos (<o - to ) t J Ed cos nto t A2.2 ^ l . f . P q' J n p 
Ext r a c t i n g the r e l a t i o n from the above equations at r . f . image and 
i . f . frequencies and using equation 3.24, the c o e f f i c i e n t s of the matrix 
equation describing a Y mixer are derived below. 
- a i ? Ci + x(t) s ( t y ) d (« t ) A 7 
711 2TT \ r b + 2 r s XCt) s ( t ) p A Z * J 
"*/2 
""1T/2 TT TT 
S p l i t t i n g the above i n t e g r a l between the l i m i t s to 72 and /2 
to 3 i r/2 the i n t e g r a l i n equation A2.3 reduces to, 
- -_L. TO < 6 , P t } A2.4 a l l Trr^ \ 1 + b cos to^t r 
where the parameter b i s given by, 
b - 2r X/r, A2.5 
S D 
- A5 ~ 
Depending on the l o c a l o s c i l l a t o r drive the parameter b can 
have a value l e s s , equal to, or greater than unity. 
S i m i l a r l y , 
3TT 
-1 
12 irr. 
72 „r-
) 1 + 
xlcol(w t)|d(w t ) 
b cos a) t P 
A2.6 
- I T n 
and 
3TT 
13 irr. S 
^ 2 C f l + X cos OJ t l c o s 2w t) d(w t ) 
1 * b cos u> t P 
A2.7 
»7Ty2 
I n t e g r a l s given by equations A2.4, A2.6 and A2.7 can now be evaluated 
over a complete range of l o c a l o s c i l l a t o r drive and are given by equations 
3.26 to 3.30. 
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Appendix I I I 
Derivation of the C o e f f i c i e n t s for an H Mixer 
For an H mixer the input current i s r e s t r i c t e d to frequencies 
given by equation 3.7(a) while the output voltage i s r e s t r i c t e d to 
frequency given by equation 3.7(b). Substituting equations 3.7(a) 
and 3.7(b) into the general matrix equation 3.1 the following equations 
are obtained. 
V, * ( I cos ui t + 1L cos (2o) - a) ) t J 2a cos nw t 
1 V q q * p q y n p n even 
+ ( V. r cos (ui - w ) t } Zb cos no) t ^ i»f« P q / n p 
n odd 
I 0 * ( I cos a) t + I _ cos (2w - a) ) t ) Zc cos nw t 2 \ q q l p q / n p 
A3.1 
n odd 
[V. £ cos (co - a) ) t ) Zd 
V • P q / n 
A3.2 
cos nu) t P 
Ext r a c t i n g r e l a t i o n s from the above equations at r . f . , image and 
i . f . frequencies and using equation 3.25 the c o e f f i c i e n t s describing 
the H mixer can be derived as shown below. 
/ Z d(u> t) 
2lT \ 1 + h l l = 2 r s + 27 \ 1 + X ( t ) s ( t ) i*'3 
72 
l
 3 r / 2 C c o s 2 ( V j ] d ( V ) 
h12 * 27 ) 1 + X ( t ) s ( t ) 
" V 72 
/ 2 [cos (2w t)ld(o) t ) v - \ 4 P -J P A O C 
a13 ~ 2IT \ 1 + X ( t ) s ( t ) " ° • 4 
_ , r/2 
- A7-
*/2 , r C\ + 2 X ( t ) s ( t ) ) d(w t ) 
22 2r f cir y 1 + XCt) s ( t ; 
"*/2 
The i n t e g r a l s i n the above equations can be evaluated by sectioning 
them between l i m i t s ~*]2 to */2 and */2 to 3 l r / 2 i . e . , 
T T / 2 
h. « 2r + — ( • ; v P A3o7 
11 s ir \ 1 + X cos a) t 
J P 
- * / 2 
*n r 2 [ c o s  Cw tTJaCu t ) 
h i 2 8 8 ¥ } i ? x cos « pt A 3 - 8 
~*/2 
r. / 2 [cos (2w t)ld(a) t ) 
- I T 72 
*/2 
^1 + 2X cos a) t ) d(a> t ) , 1 f ( l X s j u v . A Q 1 n 
r b J 1 + X cos a> t 
V2 
Evaluating the above i n t e g r a l s r e s u l t s i n the following expressions 
for the c o e f f i c i e n t s for the H mixer with X » 1, 
11 2 C r s + I l o * e 2 3 0 A 3 . l l 
l12 K 2 - f + fe ^ e 2 X ) 
A3 .12 

A9 -
Appendix IV 
Derivation of the C o e f f i c i e n t s for a G Mixer 
R e s t r i c t i n g the input voltage to frequencies given by equation 
3,8(a) and the output current to the frequency given by equation 3.8(b) 
and using the general matrix equation 3.1, the following equations are 
obtained. 
I , m ( V cos to t + V T cos (2OJ - (0 ) t 1 Za cos nw t 1 ^ q q I p q y n p 
Ci . r cos (a) - w ) t ) n> i . f . p q J n 
n even 
A4.1 
cos no) t P 
n odd 
V« = [ V cos w t + V_ cos (2w - ( O f c / I c cos nu> t 2 I q q I P q / n p ) ^ 
CI , * cos (u> - to ) t ) Id x.f. p q y n 
n odd 
A4.2 
cos nco t P 
n even 
Ex t r a c t i n g r e l a t i o n s from the above equations at r . f . , image and 
i . f . frequencies and using equation 3.53 the c o e f f i c i e n t s describing 
the 6 mixer can be derived as shown below. 
3ir 12 
S l l * 2 ^ V L 2 - 1 IdC^t) A4.3 ) U 1 + x(t> s ( t ) J P 
3TT 
-1 f CxCt) cos wot] d(oj t ) A4.4 
822 27 \ 1 + X ( t ) s ( t ) p 
- i r / 2 
- i r 7 2 £° s ( 2 % t j ] d ( y ) 
8 1 3 = I 7 r t \ 1 + X ( t ) s ( t ) A4.5 b 
A10 -
3 i r/2 
r, / dCo> t ) d(w t ) |j f - --
« 2 2 " 2 r . * 3 » ) 1 + X & s ( t ) P A4,6 
The i n t e g r a l s i n the above equations can be evaluated by sectioning 
them between l i m i t s ~*/2 to ff/2 and */2 to 3 f f/2 i . e . , 
*/2 
gm * r r - \ f 2 - 1 )d(u> t) A4.7 '11 irr. 
D 
_ -1 
822 * IT 
J v 1 + X COS CO t 
^ p -*/2 
ff/2 
r / x c o s M p t j d ( M t ) 
\ \ 1 + X cos ojpt ' r 
- i r / 2 
. f 2 fcos (2w t ) ~| d(w t ) 
8 , , - ~ \ i » W J -7A P A4.9 13 irr f e \ 1 + X(t) <t) 
" l r/2 
"72 
r t i£ dCw t ) 
822 = 2 r 8 + l T J 1 * x f o s ( t ) A4.10 
^72 
Evaluating the above i n t e g r a l s r e s u l t s i n the following expressions 
for the c o e f f i c i e n t s of the G mixer i f X » 1. 
h i - ^ ( 1 - » l 0 « . 2 x ) , , 2 / r b A 4 - n 
- A l l -
. = zL log 2x + t - 21 + i 3 i o g e 2 x \ 
A4.14 
- A12 -
APPENDIX V 
Derivation of the Angle of Truncation 
The t o t a l current flowing through the diodes and the capacitor 
i n Figure 4.3 at any insta n t of time i s governed by the following 
d i f f e r e n t i a l equation. 
C i l + 21 ( e a v - e ~ a v ) « 21 s i n a t A5.1 e dt s p p 
where a = ^/KT and I g i s the reverse saturating current of the diode. 
I t i s convenient to introduce the following normalized parameters, 
6 = w pt A5.2Ca) 
K - I / I A5.2(b) s p 
and a change i n v a r i a b l e 
y * K e a v A5.2C.c) 
Equation A5.1 may now be expressed i n the form, 
e | | + y 2 - K 2 « y s i n 6 A5.3Ca) 
where 
co C w C r, K 
P 
(o C r, p e b 
4X 
I x 
X has been defined as P Y 2 I and consequently K - 72X. 
s 
For t y p i c a l Schottky-barrier diode parameters and current drive 
2 
at microwave frequencies, c and K i n equation A5.3(a) are both small. 
2 
However K « e. To determine the general properties of equation 
A5.3(a) i n t e g r a l curves can be obtained over a range of y and e by 
l e t t i n g dy/de = 0. 
A5.3(cl 
- A13 -
' y = i f s i n 0 ± ( s i n 2 9 + 4K 2)*) A5.4 • • ^ v 
when K - 0 then y * 0 or s i n 6 
when 6 = 0 then y = ± K 
When s i n 6 > 0 and taking the negative sign then, 
y = - K 2 
When s i n 0 < 0 and taking the p o s i t i v e sign then, 
When 0 = /2 then y * 1 + K 
The plots of the i s o c l i n e curves of equation A5.3(a) are shown i n 
Figure A5.1. 
2 
Outer Region Solution (y y Q as K 0) 2 2 . I n aquation A5.3(a) both e and K are small but K i s much smaller 
than c, An approximate solution of the equation may be obtained for a 
2 
fixed value of e and assuming that K 0 hence y + V q . Equation A5.3(a) 
then becomes, 
d y o 2 e —jz = y Sin 6 - y A5.5 a 0 ^ o o 
Let y (0) • v(0) W(0) so that o 
e(v*W + WXv) = vW s i n 0 - VW2 A5.6 
Let ev 1 = v s i n 0 A5.7(a) 
eW1 = -vW2 A5.7(b) 
- cos 9 
e 
Solving equation A5.7(a) v * e 
0 
o 
•H 
a) 
•P S5 
<u 
<+-< 
' O 
CD 
•s 
o 
W (1) > 
o 
CD 
«r< 
CJ o W H 
CD 
3 
«F-L 
- A14 -
and from equation A5 .7(b) ^ * ^ v(0) d0 + A 
0 
where A i s a constant of i n t e g r a t i o n . 
Since y Q ( 9 ) " vW 
- cos e 
y (Q) = — cos 6 A5.8 
O H — 
A + 5 e e d e 
To determine the constant of i n t e g r a t i o n A i n the above equation 
l e t the i n i t i a l value y (0 ) • y , then from equation A5.8 
o o 
and equation A5.8 f i n a l l y becomes, 
/ l - cos Q\ 
" ^ e y e 
y (6) = — A5.10 
0 A 1 6 
1 * y + Jz r - cos e 
— e \ e e d6 
0 
Let . . cos 6 - 1 c 
y = e e A 5 . l l o 
so that y^ i s i n i t i a l l y small having values i n the range (0 4 6 C £ 
* / 2 ) of (1 * y Q * e " X / € ) 
Equation A5.10 becomes, 
V x 20s 6_ - cos 9*^ 
y Q * cos ec e . c o s e AS.12 
l + 7 e ' " de 
The so l u t i o n of equation A5.12 for d i f f e r e n t ranges of 6 and 
e « 1 i s given below. 
- A15 -
Cos e - cos e c 
( i ) y CO) * e i n the range 0 * 6 * */2 o c 
( i i ) yQ i s exponentially small i n the range 0 < 6 $ 0 c as the 
numerator of equation A5.12 i s small. 
( i i i ) Near 9 = 8 l e t 8 = 0 + ex so that equation A5.12 becomes, 
c c 
T Sin 9 
c 
y e A5.13 
0 Cos 9 0 - Cos 9 9 + ex 
c c ~ ?. -Cos 9 
1 + i e ^ J e d 9 + \ e e d9 
o e 
) 
Using Laplace's method for a supremum at 9 • 8 i t may be shown 
c 
that the i n t e g r a l , 
1 « t —=• Cos t 
e I ( t f e ) = I e dt 
0 
cos t 
for e * 0 i s ^ e 
Equation A5.13 therefore becomes, 
x S i n 9 
c 
y • e 
° 1 + T + 1 Sin 9 
c 
Equation A5.14 indicates i f x < 0 then y Q i s exponentially small 
but i f x > 0 then y Q i s exponentially large provided Sin 0^ > 0, i . e . 
there i s a rapid r i s e i n y as 0 passes 9 . 
( i v ) I n the range 9c < 9 < ir since the numerator of equation A5.12 
i s exponentially large and, 
- Cos 8 _ 0 , - Cos 9 
^ e e d0 « 
0 Sin 0 e 
- A16 -
then, 
y * S i n 8 A5.15 
(v) I n the range IT < 8 £ 2TT 
8 - Cos 8 
r • • e b d8 « 2ir I ( /e) 0 ° 
. A5.16 
(using Lapace's method and noting there i s a l o c a l maximum at (8 = TT) 
S ubstituting equation A5.16 into equation A5.12, 
Cos 8 - Cos 8 c 
y as e 
° Cos 8 , , v , 1/ •Y2..V. c 
e 
2 - (1 + Cos 6) 
- f e ) e e 
where equation A5.17(a) i s exponentially small. 
Equation A5.17(a) may be evaluated at 8 = TT and 8 s 8 2 I T, i . e . 
y 0 00 « (jf) A5.18(a) 
o 
1 " 2 / e 
7. (2ir) * ( * r I e A5.18(b) 
A graphical plot for y Q ( 9 ) i s shown i n Figure A5.2. I t i s seen 
however, that y Q ( 2 i r ) « y Q ( 0 ) but i n order to have a periodic solution 
of y Q ( 8 ) these two q u a n t i t i e s must be equal. The reason for the 
discrepency i s that i n the range ir < 8*2 IT the approximation of neglecting 
K i n equation A5.3(a) i s no longer v a l i d . For t h i s range l e t , 
y = K^Y A5.19(a) 
so that equation A5.3(a) becomes, 
G 18 + ^ " 1 + Y S i t l 9 A5.19(b) 
CN 
0) 
CN 
to 
(0 
\ 5 50 
C-4 
CD 
r 
CD 
CD 
RH | U) 
OJ 
- A17 -
2 • As K 0 l e t Y Y q and to a f i r s t approximation equation A5.19(b) 
becomes, 
dY 
E -TT— = 1 - Y Sin 6 A5.19(c) do o 
Expressing equation A5.19(c) i n the form, 
Cos 6 Cos 6 
do ( e > = 7 e 
- Cos e e cos e 
Y = - e C 1 e L dS A5.20 
o e 1 
6 1 
The angle 8^ i n equation A5.20 plays a ro l e of an a r b i t r a r y 
constant of integration and must s a t i s f y two conditions; 
( i ) must match with y^ 
. . . 2 
( i i ) give K Y (2TT) = y (o) so that a periodic solution i s o o 
possible. 
ggghiBS -cos e i cos e, 
1 G 1 
For e 0 Y « ~ e e e o e Sin 8^ 
A5.21 
- Cos 8 * Cos 0^^ 
Y « e o — Sxn e x 
2 
I n the range IT < 8 $ 2TT y Q must match K Y q . Using equations 
A5.21 and A5.17(a) 
- A18 -
P e r i o d i c i t y 
To produce a p e r i o d i c s o l u t i o n i n y, y (0) * K 2! (2ir) 
o o 
. n 1 - n Cos 9 - 1 i . e . 0 - — 2ir Cos 9 c 
K 2 e f 
| e V e de « e ° A5.23 
as 2 IT ! 1/ 5 Cos 8 £ ye 
e e d9 « /W\ e 
9 V. 2/ 
6 
c 
, Cos 9 - 1 J c 
K 2 « ^ j j i ) e - A5.24 
Using equations A5.24 and A5.22 leads to the following equation, 
Cos 9, + Cos 9 1 c 
= -| S i n 9 A5.25 
Equation A5.25 has roots near 9^ = TT and 9^ = IT - 9^ where only the 
l a t t e r root leads to a r e a l i z a b l e s o l u t i o n . (See equation 5,20 when 9^ 
Let 6 = TT - 9 + <5 
1 c 
As ft 0 equation A.23 reduces to, 
Sin 9 
6 » - e l o g e ( -) A5.26 
S i n 9 
c 
I n the range 0 < 9 < TT and wi t h 0 < 9 < 7 1 J 2 matching occurs for 
TT < 9 < ir + 6 . 
The angle of truncation 0 c i s governed by equation A5.24 which may 
be conveniently expressed i n the form shown below. 
S i n 2 (6(72) = | l o g e U X 2 (|£) 4/ A5.27 
A19 
APPENDIX V I 
Computer Programme for the Eva lua t ion of the Odd 
and Even-Mode Impedances 
fc »* A f F I V i U = K U L f 
= = = = = = - £ C U f - P l L £ P O L Y * I" 1M E = 2 , P A b t S = 2 0 
t . r t U r t u L i x I E f t l t Z 
C u u H L E u K I C K O S T K I P L i h t b 
Ui i«» t . Jc> lu ,M Z u u ( 2 0 J , Z O t ( 2 0 ) , A ( 2 0 ) , E 1 1 2 0 ) , E 2 C 2 0 ) 
O i i ^ d . i S l U N Z i ( 2 0 ) f Z 2 l 2 o ) 
U I f l t lP4 0 I UN A ( 2 0 ) 
u u d J = I , 2 0 
K E A IJ ( b # 1 ) A ( J J 
1 F U R M A F ( f c 8 . 1 ) 
2 C U . M I I lMUt 
Z = 1 0 . 0 
L)U 3U K = U c ' J , 1 
Y = 0 . l t ( i \ - l J / l u . u 
f c A L - J u 1 u ( f J 
L)U 1 U J = 1 / 2 J 
X I J i = A ( J J 
E l ( J j = T 5 . 5 * ( 4 . 5 ) / l S w K l ( 1 + I U / ( A ( J ) ) ) ) 
t 2 l J ) = 1 . 6 7 b t ( 0 . 6 7 b J / l a t 3 , K T ( l + i 0 / ( X ( J ) ) ) } 
Z I l J j = ( o o ) * A L U b ( ( . & / X l j J J + ( X t J J / u ) ) 
Z ^ u ) = U d U * i . U i / U ( j j + ^ . u ^ - u ^ M / A i J j + l d - i / ^ j J J * * o J J 
Z I C V J ) = Z 1 ( J ) / C o b . K f I E 2 C J ) J J 
Z 2 i J . ) = Z 2 ( J ) / ( 3 u n r i E < : i J ) J J 
x i J j = A L u G l C ( x ( J j ) 
Z u E l J J = ( l u i . 7 S - o . s 7 6 o * Z t o . i v . i , y : 3 * 4 . * * ^ ) - i l i 9 . u / - 7 . 4 6 9 3 * Z + 
2 - 0 . 9 f c > 0 l d * Z t u . v 2 6 G l 5 * i * * t : ) * U ( j J * * 2 J 
l - U . ^ l 4 * Z t O - w u * « o M Z * * ^ J * l Y * * < i ) t i £ o . ? i 6 - l . 7 1 1 * Z + u . U ' 4 o o ^ S * Z * * ^ i * 
2 ( X l J ) * * 3 ) - ( l U . S l £ - 0 . 5 b b 4 7 * Z + U . u l 4 9 l 4 * Z * * 2 ) M r j * ( x l J J * * 2 ) 
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U 1 ^ . 0 9 a - i j . 9 b V U « * ^ . + u . 0 2 > 5 t » ' 4 V * Z * * 2 j * ( Y * * 2 ) * l X ( J ) * * 2 j - ( i 5 » 7 6 -
2 0 . 9 3 l v i S * Z * - U . 0 2 b 6 o o * Z * * d ) * ( f * * 3 J * (. A u ) ) 
Z O £ ( J J = Z u t ( J J * ( 9 . 2 1 3 / - 0 . b b 2 * 2 * Z + 0 . U l 5 b 9 9 * Z * * 2 J * ( Y * * 4 J 
Z u c ( J ) = / ' i t ( J ) * i o « * h T ( E I C J ) / i t d C J ) ) ) ) 
Z U U C J ) = i / b . b 3 o - 4 . o i 7 o * Z + d . I ^0 i o * Z * * 2 ) - ( 7 7 . 9 / 9 - 4 . 7 4 7 6 * Z + 0 . I 3 6 3 4 * 
J f ( ^ v . o ^ 3 - l . V ' j i ' 4 * Z + U . 0 o 7 V 3 o * Z A * 2 ) * ( l f ) t ( l 0 . 5 o ^ -
Z U U ( J J =ZU.J U ) - C 'JV . U ? I - 3 . 0 / b *z. t u . 0 6 9 4 3 8 * Z * * 2 ) * C Y J * C X C J J ) - ( 1 2 . a -
l u . o 5 o / o * Z t j . t ; i ? o - J 8 A Z * * 2 ) A I Y * * 2 J - 1 < ; . 1 0 6 2 - 0 , l b 8 * ^ + u . 0 U b 0 3 i i * Z * * « ? J 
< i * ( X ( J j * * 3 J - t o . 3 9 - u . U 9 * Z t u . U 0 3 b * Z * * 2 ) * C Y J * l X l J J * * 2 J 
Z U u l Ji J = Z >J u (. J J t i d . 3 2 6 5 - u . 4 i V 0 * /i t u . o I u c o (v * Z * * c ) * t A C j J J * ( i * * 2 ) 
l - ( 2 2 . 2 3 b - i . 5 3 V 6 * Z - » J . u 3 8 3 8 6 * Z * * 2 J * ( 1 * * 3 ) - (, 1 . o sj 7 6 - u , 1 1 2 2 o * Z + 
2 o . 0 0 3 4 b 2 . : 5 * Z * * 2 J * t A l . j J * * 4 ) 
Z O U ( J J = Z j u C J J t ( i . ti o 14 b - 0 . S 0 / a 1 * Z * 0 . <: N c v c v ^ , , l * I r j * C A I J ) * * 3 ) -
l ( 9 . b 4 b / - 0 . o l 3 l b * Z + u . i » l o 0 t * Z * * 2 J * t x l J ) * * ^ J * l i « > r ' J t ( i l , S - U . o b 9 a b 
2 * Z t u . 0 l t i S 3 0 * Z * * 2 J * l x ( J ) ) * ( Y * * 3 ) 
Z U J ( J J = Z J u ( J ) - ( 7 w I b J - U . 4 / 1 9 b * Z * U . 0 I 3ti i o * Z * * 2 J * ( i J 
Z U u U J = Z U U ( J j * ( j u r U t l ( J ) / l t 2 ( J J ) J J 
10 C U . M T I I M U E 
w K 1 f 1 1 o # 2 0 J 
2 0 F u A | t 3 X # * X ( J ) ' i I c X , ' Z U t I J ) ' ' 1 X / ' / ' I J ) ' / 1 2 A , * t 2 ( J J ' j 
.'.l< I I L I t) » 2 U t X ( J J r i u L U J J ( J J r r ^ I w. I r J - t / d0 J 
21 F U ' C / M f ( l X # t l ^ , i r ^ A # t i t - f ' i ^ A # t l « £ . b# bx # r 1 2 . b ) 
- rx I r C I o / 2 2 J 
2 2 \ u « . - M U 3 A , ' X ( J ) * r 1 2 x , * /. \ \ j ) ' , \ d A , ' l <> ( J ) ' ) 
I r l n , ^ J ( X U ) / / l U J , / ^ j J , J - l ^ l J 
2 3 F u • i* *- i I t < / » . U ' . S f t ) A / C l c ' . S ^ ' i l c . -J ) 
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APPENDIX V I I 
Analys i s of the Bandstop F i l t e r 
The ABCD parameters of a length of transmission l i n e whose c h a r a c t e r i s t i c 
impedance i s Z^ are 
cos e 
i , v 
s/z 1 
A7.1 
where S - j tan 6 
and 6 i s the e l e c t r i c a l length of the l i n e . 
The ABCD parameters of an open-c i rcu i t stub whose c h a r a c t e r i s t i c 
impedance i s are 
1 , 0 
s/% , 1 
A7.2 
Therefore using equations A7.1 and A7.2 the ABCD of the equivalent transmiss ion 
l i n e c i r c u i t of the bandstop f i l t e r shown in Figure 5 .14(a) are 
Cos 6 
z o s 
1 + 4 - ' v 
0 1 
A7.3 
The m i c r o s t r i p bandstop f i l t e r using equation 5.18 i s def ined by e  
V l 
V 4 Z 14 
mm mm 
Z 1 3 2 s 
'3 11 
Z 13 Z 12 S 
z 3 + SZ 
) Z 
Z 13 Z 12 S 
14 ~ Z 3 + S Z U 
Z 2 S Z 12 & 
11 ' z 3 * SZ 
A7.4 
- A21 -
where 
Z n = a/S 
Z 1 2 - b/S 
A7.5 
2.1 z 1 3 « b os^) 2/s 
and 
Z u = a ( 1 - sV /S 
a ' ( Z 0 E + Z 0 0 ) / 2 
b = ( Z 0 E - Z 0 0 > / 2 
A7.6 
Subs t i tu t ing the above equations into equation A7.4 r e s u l t s i n 
V. 
V 
2 2 a b Z ( 1 - S Z ) 
S " S ( Z 3 + a) 
S U b ' S ( Z , + a) 
i 
2 2 a ( 1 - S Z ) 
i 
2 O 2 
b^ ( 1 - S Z ) 
S ( Z 3 + a) 
5 S S ( Z 0 + a) 
where Z^ i s the c h a r a c t e r i s t i c impedance of the o p e n - c i r c u i t stub 
Let 
y - b Z / ( Z + a) 
So that equation A7.7 becomes 
A7.7 
a - y ( 1 - S 2 ) 
2 * 
( 1 - S Z ) (a -y) 
*1 S > S 
_ V4_ 
(1- S 2 ) (a -y) 
_ S ' 
(a -y) 
S 
A7.8 
- A22 -
F i n a l l y to obtain the r e l a t i o n s h i p between Z ^ Z^ and the odd and even-
mode impedances and Z^ , i t i s necessary to e s t a b l i s h the corresponding ABCD 
parameters of equation A7.9 by using the fo l lowing 
A - Z u / Z 1 2 , B = A Z / Z 2 1 > C = / Z 2 1 , D = Z 2 2 / Z 2 1 
The r e s u l t i n g ABCD parameters of equation A7.9 are 
a-y ( 1 - S Z ) 
( l - s 2 ) ^ ( a - y ) 
(a -y ) (1-ST) 
aS 
r 
2 2 
( l - s Z ) 
1 
T 
( 1 - S T 
A 7 . 1 0 
Comparing the c o e f f i c i e n t s of the ABCD parameters of equations A7.10 
and A7.3 r e s u l t s in 
Z 0 = ( Z 0 E + Z 0 0 > / 2 A 7 . l l 
Z (Z + z ) 
2 <Z00 + Z 0E> ( 3 ^ + Z 00 Z 0 E ) 00 0E 
( Z 0 E " V 
From equation A7.7 i n order to make Z ^ 2 ' = 0 then 
a f Z 3 + a) - i f = 0 A7.12 
Subs t i tu t ing equation A7.6 into equation A7.12 r e s u l t s i n 
C 0 E * Z 0 0 } X c t a n 6 *• 2 Z Q E z = 0 A7.13 
where Z 0 = X^ tan 6 3 c 
- A23 -
APPENDIX V I I I 
Der iva t ion of the Constant Q Equation 
The r e l a t i o n s h i p between normalized impedance Z and the voltage 
r e f l e c t i o n c o e f f i c i e n t p i s 
p » U + j V = | — ^ A l 
Z + 1 
Equation A l can be expressed i n the form 
Z * R + jX * ( 1 . ul - jV " 
Hence, 
* - 1 ~ " 2 ' 2 ^ (1 - U ) Z + V Z 
and 
rr 2V 
Ci - u) 2 + v 2 
A4 
The Q of a c i r c u i t i s defined as Q = X/R and hence from equation A3 
and A4 i t can be shown that 
2 1 2 1 U + (V + - 1 + —2 A5 
•* ( f 
1 * 
which i s an equation of a c i r c l e of rad ius (1 + —«) and whose centre i s 
<r 
U = 0 and V = - i 
A24, -
APPENDIX IX 
Inductance Design 
Single Layer Solenoid 
The inductance L of a s ingle layer solenoid i s given by (STC "Ref 
Data for Radio Engineers" 4th E d i t i o n page 112). 
L - n 2 y 2 
9r + 101 
where 
n =* number of turns 
r * radius of the solenoid ( inches) 
1 • length of the solenoid ( inches) 
For an 18 guage enamelled wire of diameter 0.0422" the length of the solenoid 
i s n x 0.0422. The radius of the former on which the c o i l i s wound was 0.125" 
The inductance i s 
= n 2 0.0156 
L 1.125+0.422n 
I f L - 0.26 yH then 
0.0156n 2 - O . l l n - 3 = 0 
# n = 8.9 
' To obtain an inductance of 0.26 yH using 18 guage wire on a former of 
rad ius 0.125" requires 9 turns 
Thick F i l m S p i r a l Inductance 
The inductance L of a pr inted c i r c u i t c i r c u l a r s p i r a l i s given by 
(Lumped Elements i n Microwave C i r c u i t s , I E E E T r a n s . MTT, Dec 1967, page 716) . 
- A25 -
2 2 a n 
8a + 11c 
where 
a = C r Q + r . ) / 2 
c = r - r» o 1 
I s the inner r a d i u s of the s p i r a l i n m i l s 
t q i s the outer rad ius of the s p i r a l i n m i l s 
L i s the inductance of the s p i r a l i n nanohenries 
n i s the number of turns 
The b a s i c design c r i t e r i a for the r e a l i z a t i o n of the etched c i r c u l a r inductor 
are : 
1. I t i s important to provide as wide a conductor path as p o s s i b l e so that 
high value of Q i s obtained. 
2 . The number of turns should be as small as p o s s i b l e . 
3 . The th ickness of the conductor pat tern i s important as an increase i n 
the p r i n t th ickness increases Q of the c o i l . 
To obtain 148 n E the fol lowing dimension of the c i r c u l a r s p i r a l were used 
r « 12 mm a 3 3 413 o 
r . = 9 mm c - 118 
n * 2 
- A26 -
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L A R G E SIGNAL W A V E F O R M S IN A M I C R O W A V E 
B A L A N C E D MIXER WITH C A P A C I T A N C E 
Indexing terms Mixers {circuits}. Solid state microwave circuits 
Abstract 
Tlie tone^po;.deiue describes the effect of the diode capacitance on 
the iimen: and voltage waveforms developed in a current-driven 
balanced mixer operating at microwave frequencies. It is shown that 
the current through the 'on* diode is a truncated halfwave sinewave, 
the angle of truncation being a function of the diode capacitance, 
driVe level and the diode incremental resistance at the origin. The 
closed-form solution foi the angle of truncation provides valuable 
insight into the deterioration in performance of balanced mixers at 
microwave frequencies owing to diode parasitic capacitance. 
Introduction 
A laTge variety of balanced mixers are available in integrated 
circuit form with operating frequency ranges of the order of 100 MHz. 
At microwave frequencies, however, the 2-diode balanced and the 4-
diode double-balanced mixers are still inevitably used. These two 
mixer circuits have been comprehensively analysed in many publi-
cations assuming that the current through each diode is sinusoidal 
during conduction. At low frequencies this assumption is valid, but 
at microwave frequencies the diode parasitic capacitance considerably 
alters the large signal waveform,in that the current waveform througn 
the 'on' diode is a truncated halfwave rectified sinewave, as shown in 
Fig. 1. This effect of the diode capacitance has not been observed and 
c 
*> 
ft-
O 
Tt 2 n 3 n 
analysed in any literature rchim. to m:\ei pertonnanrc. Fxpcrimc ^'.J 
results using a low-frequency model jrc found to be in good a.n'f 
merit with the theoretical predictions A Fourier analysis on the d»>»de 
current waveform shown in Fig 1 and The resulting voltage wavctoim 
developed across each diode alse shows good correlation will. 
practical results. 
I s i n W p t Jpsm Wpt 
Fig. 2 
Equivalent circuits of the mixer as seen by the locql-oscillator cut rent 
drive 
Analysis 
The circuit including the diode parasitics seen by the local-
oscillator current drive for a balanced 2-diode mixer is shown in Fig. 
2a This circuit is also valid for a 4-diode double-balanced mixer if 
each diode shown in Fig. 2a represents the appropriate two diodes in 
parallel. Experimental investigations indicated thai a 100% change in 
the value of the diode series resistance R, did not significantly affect 
the currenl waveform and hence its effect has been neglected in the 
analysis. It has been shown 1 , 3 that the diode junction capacitance 
Cj can be approximated by a constant value given by 
d * C(0) * \C - C. . 1/2 
I J max I mm'' 
0) 
Fig. 1 
Truncated half-wave rectified sinewave 
where C(0) is the value of Cj at zero voltage. The effective n.:a! 
capacitance across Ihe diodes is therefore 
C = ^Cp + 2Cj (double-balanced mixer) 
PROC 1EE, Vol. 125, No- 8. AUGUST 1978 
or 
C - 2 C P + Cj (balanced mixer). (2) 
where Cfi is the diode package capacitance. 
The equivalent circuit to be analysed therefore reduces to that 
shown in Fig. 2h and is governed by the following differential 
equation: 
CdV 
— + nl, Jexp (aV) - exp (-a V)) = / p sin wpf, (3) 
where a = q(KT, 4 Is the diode saturation current and h — 2 for a 
double-balanced mixer or n = I for a balanced mixer. It is convenient 
at this stage to introduce the following normalised parameters: 
B - w p i \ {4a) 
K = nfjr> (4b) 
e - WpC/a/p - o)pCrpK/n (4c) 
dV\ 1 
where 
Substituting the normalised parameters of eqn. 4 and a new variable 
defined by 
y = KexpiaV) 
eqn. 3 becomes 
+ v l ~ K 2 = vsind 
do 
(5) 
(6) 
Hie analytical solution to this nonlinear differential equation is dif-
ficult, but an approximate expression for the angle of truncation 0e 
can be obtained bs solving eqn. 6 in two regions: 
K2 < v1 
and 
i-2 <K2 
and matching these two solutions to satisfy the condition of period-
icity for y. The condition K2 <y2 corresponds to the part of the 
cycle when the diode is fully conducting and therefore the diode 
current is much greater than /, . On the other hand, when the diode is 
0 to 
0 0 8 
5 0 06 
S 0 04 
O 0 2 
/ 
/ 
0 1 2 3 4 5 6 
capacitance, n F 
Fig. 3 
Theoretical and measured values of delay angle against diode 
capacitance 
X measured results 
— theoretical results 
i:< the reverse biased Kgion the condition y" <t A'* is applicable The 
angle of truncation 8e is then given by 
sin2 - - log lexp \(2€in)v2fK2}) <7) 
Eqn. 7 may be further simplified for a practical diode to 
shv(0 c/2) Ae/2 (8) 
where A represents the logarithmic term in eqn. 7 and can be regarded 
as a constant since it varies slowly for large changes in 6. 
E x per i m e n t a l r e s u l t s 
A low-frequency equivalent circuit, shown in Fig. 2b, was 
constructed using Schottky barrier diodes. A test frequency of 50 
KHZ was chosen so that the inherent capacitive effect of the diodes 
was negligible. The high-frequency performance of the diodes was 
simulated by an external capacitor. The magnitude of this capacitor 
Was determined by scaling a typical parasitic capacitive value in the 
retio of working frequency (1 GHz) to the test frequency. Preliminary 
tests carried out on the diodes (type HP 2833) indicated that /, ~ 
o x I0~ 7 A and rb - 3-4 x 10 7ft. ITie current drive was adjusted so 
thai the normalised cunent-drive factor K was 7 x 10~ 7. 
Fig. 3 shows a comparison of the theoretical values of 0O with 
measured values for varying values of capacitance. The divergence 
between the theoretical and practical results for large values of capa-
citance may be explained by the fact that the assumption of a sharp 
turn on of the diode current is no longer valid in that region. The 
effect of the truncated angle 8C on the frequency spectrum of the 
diode current and voltage was also found to be in close agreement 
with the measured results. 
Conclusion 
Saleh3 has shown that the optimum performance of a balanced 
mixer in the absence of the diode parasitics is obtained when the time 
varying resistance r(r) of the pumped diodes is a square wave The 
diode capacitance in the case of practical microwave balanced mixer 
causes the current waveform to be truncated and hence the suggested 
optimum performance can never be practically obtained. 
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Effect of source resistance in microwave 
broadband balanced mixers 
E. Korolkiewicz and B . L . J . Kulesza 
Indexing terms: Mixers (circuits), Solid-state microwave circuits 
Abstract: A broadband mixer may be designed to obtain matched conditions at the r.f. port, or the r.f. port 
may be mismatched to produce a minimum conversion power loss. Using a practical diode law this paper 
compares the performance of a broadband balanced mixer designed by the above two methods and shows 
that, under certain conditions, the conversion loss can be made to be independent of the diode series 
resistance by mismatching the r.f. port. 
1 Introduction 
Mixers are classified according to the kind of termination 
that is 'seen' by the image frequency component. Three 
special cases called broadband, narrowband-image open 
circuit and narrowband-image short circuit mixers are usually 
considered. For narrowband (-image open circuit or -image 
short circuit) mixers the same results are obtained whether 
the source and load impedances are chosen to produce 
matched conditions at the r.f. and i.f. ports, a condition 
recognised in microwave circuits, or the expression for 
the conversion power loss is optimised and then the load 
and source impedances determined. 1 - 3 In the case of 
broadband mixers the two methods produce different 
results, although for single-diode series and shunt mixers 
the difference in the conversion power loss is small (less 
than 0-1 dB) over a wide range of bias conditions around 
the optimum. 4 
What is generally not recognised is that for broadband 
balanced mixers the two methods of design lead to a 
considerable difference in performance. This type of mixer 
is normally used in practice as it has the advantage over a 
single-diode mixer of producing a lower number of un-
wanted harmonic products and a lower noise contribution 
from the local oscillator. Balanced mixers are also in-
creasingly applied as harmonically pumped down-
convertors. s' 6 This paper analytically compares the perfor-
mance of a balanced mixer designed to produce a minimum 
conversion loss with one designed to produce matched con-
dition's at the input and output ports. A new approach is 
presented in that a practical diode law is assumed to include 
the effect of diode series resistance in the performance of 
the broadband balanced mixer. 
2 Signal analysis of a broadband balanced mixer 
A balanced H mixer (Reference 7), shown in Fig \a, may 
be treated as a passive linear network having three1 con-
ceptual ports for signal, image and i.f. frequencies and may 
be described by the following matrix equation 
( i ) 
h i2 * 1 3 
/ - I 
-- —hn 
. V - 2 . hn 
Uo 1 
J 2 . 
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In a broadband mixer the image and signal real R8 com-
ponents 'see' the same termination (Rs) and, therefore, 
using the relationship 
eqn. I may be expressed in the form 
# 1 2 
H22 
\ v° 1 r tfn \ '° 1 (2a) 
where 
Hn = h n ( \ - a 2 / R ) 
Hl2 = h l 2 ( \ - a / R ) 
H22' = h22(\ + K0/R) 
K0 = h u l h n h 2 2 
a = h l 3 / h n 
R = I + Rslh\\ 
(2b) 
(2c) 
(Id) 
(2e) 
( 2 f ) 
(2g) 
2 u>p -«>q 
[ H i 
<2 J 
Fig. 1 Broadband balanced H mixer 
The network described by eqn. la is shown i n F ig [h. The 
conversion power loss (c.p.l ) is defined as 
, n , t available i n p i t s o w e r » 
c.p.l. = lOlog.o = lOlogioA 
^ OUtp t : ' Duwe / 
f 3 > 
M/t h'OW' 11 t-S. OPTICS A \n ACOi Si fCS XfU'tURt R I <>l 2. Vo 6 
Using eqn. 2, L can be expressed in the form 
L = {(1 +y)(R+a) + 2Ko}t 
where 
y = GJh22 
4K0(R - i)y 
(4a) 
(4b) 
The minimum conversion loss is obtained by setting the 
derivatives with respect to R mdy to zero. 
Setting dL/dy = 0 results in the expression for optimum 
y and as follows: 
y o p t = l+2AT 0 /(*+a) (5a) 
and 
G L o p t = h22il+2K0l(R+a)} (5b) 
Eqn. 5b corresponds to the condition of the i.f. port being 
matched, i.e. G o u t = G L ( j p t . 
Substituting eqn. 5a into eqn. 4a for y o p t and setting 
bL/dR — 0 leads to the following equation in R: 
R 
2 — ->£> _ 2R-(l + a)(2AT0 + a) = 0 (6) 
The optimum source resistance is obtained by using eqn. 2g 
and the positive root of eqn. 6 and is given by 
(7) *.o„ - M i +<){ ' + (T?7) ) 
Finally, an expression for £ o p f is obtained by substituting 
eqn. 7 into eqn. 4a, 
1 + {1 + 2K0/(l + a)} 1/2 
- l + ' { l + 2 * o / ( l +*)} , / 2 
(8) 
This result is in agreement with Torrey and Whitmer1 and 
gives a minimum conversion power loss of 3 dB when the 
parameter 2K0/(l + a) approaches infinity. 
Eqn. 7 indicates, however, that, in the case of a mixer 
designed for optimum conversion loss, the signal port is not 
matched ( R 9 o p t ^Rin)- T h e source resistance R8m required 
to provide a matched condition at the input port (RSm -
Rin) may be shown to be 
R. = h n ( \ - a 2 l R ) ( \ + K m ) 
m 
1/2 
where 
\( 1 -a/R 
(9a) 
(9b) 
Eqn. 9a may be shown, with the help of eqn. 2, to be a 
quartic equation inR of the form 
R4 + R*(K0 - 2) ~ 3K0R + Ra {2 + K0(2 + a)} 
+ * 2 { K 0 ( l ~ 2a) -a2} = 0 (10) 
An estimate of the largest real root (0) of eqn. 10 can be 
made using Tillots8 criterion. The largest real root is limited 
by the following inequality: 
0 0 
For most diodes the parameter K0 (as discussed in Section 
3) is much greater than 2 and, hence, the root 0<4. By 
approximation, therefore, eqn. 10 can be reduced to a 
(12) 
cubic: 
R3-3R2 +/to(2+a)+fl 2(l-2<z) = 0 
The roots of eqn. 12 are found using Cardan's formula,8 
where the largest root leading to a realisable source, resist-
ance is 
' 1/2 
cos (6/3) + I (12a) = 2 ^ 
a + 3)(a-Y 
where 
cos d = 
-27(1 + a 2 X a - l ) 
|(<z + 3 X a - l ) l 3 / 2 
(126) 
The load conductance necessary to obtain a match at the 
output port is readily shown, using eqn. 2 to be 
GLm = h22(\ -r-JW/OO +*m) l / 2 (13) 
Finall>, the corresponding expression for L, when both 
ports of the mixer are matched, is shown to be1 
Lm = 
1 +d +*m) 1/2 
l + ( l + K m ) 1/2 
(14) 
By means of the relationships derived in this section, it is 
possible to compare the performance of a broadband mixer 
designed for minimum conversion loss with that of a 
similar mixer having matched conditions at input and 
output ports. 
4<h 21 COS CD „ t 
p p 
Fig. 2 Diode circuit seen by the local oscillator drive 
3 Large-signal analysis of a broadband balanced mixer 
The diode circuit seen by the local-oscillator current drive is 
shown in Fig. 2. The voltage developed across the diode's 
terminals may be expressed, using the diode practical v/i 
relationship, in the form 
r = / r f + i log c ( l+/ / / , ) (15) 
where / is the current through each diode and a and fs are 
the diode parameters. The time-varying diode incremental 
resistance is given, using eqn. 15 by 
1 I 
(16) 
The current through each diode may be conveniently 
written in the form 
/ = l / p cosco p r{l + S(r)} ( 1 7 ) 
where Ip is the peak amplitude of the local oscillator 
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ciirreiil drive in each diode and S(t)is a switching function 
defined as 
Sit) = 1 - 7 r / 2 < c o p r < 7 r / 2 
S(t) = - 1 7 r / 2 < c j p / < 3 f f / 2 
(18) 
Substituting eqn. 17 into eqn. 16, the general expression 
for the time-varying incremental resistance becomes 
r(t) = r, 4 
1 + X(t) + X(t)S(t) 
(19) 
where X(t) = X cos copr, X = fp/2Is and r b is the incre-
mental diode resistance at the origin. 
The balanced mixer shown in Fig. \a may, taking into 
account the 180° phase difference of the local oscillator 
between two pairs of diodes, be described by the following 
relationship: 
2rt + 
X{t) 
1 +X(t)S(t) 1 + X(t)S(t) 
-X(i) 
. I+X(0S0) 
1 +X(t)S(t) 
\+X(t)S(t) 
(20) 
provided rb>r$. 
Frequency-selective circuits are normally used in a 
mixer and only the following signals are present: 
/ , - i'o cos u)qt + L 2 cos (2cop — CJq) t 
and 
VL ~ v-i cos (w p — LJQ)t 
(21a) 
(21*) 
Substituting eqns. 21A and 21£ into eqn. 20 and per-
forming a frequency-balance operation results in the 
matrix equation (eqn. 1), where the Fourier coefficients 
are given by the following relationships: 
h22 
2 1 +X(r)S(t) 
1 eos 2 (cj p f ) 
2TT J -« / 3 ] +X(t)S(l) P 
r 3 , 1 / 2 cos ( 2 t j p t ) 
" 2* J- ir /2 1 +X(t)S(t) 
1 f 3 w / 2 1_+2JT(/)5(r) 
-ir /2 
Jf</)S(f) 
d(CJBt) 
(22a) 
(22b) 
(22c) 
(22d) 
These integrals are evaluated' resulting in the following 
expressions for the h coefficients of eqn. 1: 
h i , 
2{r. + ^ 2 X 
= 2/ir 
2rb ^ • ( 2 - l o g , 2* ) 
= 2lrb 
(23a) 
(23b) 
(23c) 
(23rf) 
4 Results 
Practical microwave Schottky-banier J I IKJ" >HP _ \ S J 3 ) 
parameters were measured and were found to be rb 
2-8 x I 0 7 n a n d a = 4 0 V ' . 
Common parameters influencing mixer performance are 
Ko and a and are defined by eqns. 2e and 2/, respectively. 
The parameter K0 may be expressed in terms of local 
oscillator drive X and diode parameters using eqn. 23, and 
is of the form 
(24) 
o 
10 10 io7 10 
local-oscillator drive 
Fig. 3 The parameter K0 as a function of local-oscillator drive for 
diode series resistance 0-18 fl 
Fig. 3 shows how the parameter K0 behaves as a function 
of X. Examining eqn. 24 the parameter K0 tends to a 
limiting value of rb/n2rs at high local-oscillator drive. 
The parameter a may also be expressed in terms of local-
oscillator drive X and diode parameters, and using eqns. 2 / 
and 23, is given by 
_ [b_ 
irX 
2-log, , 2X 
r, + ^ioge2X 
TtX 
(25a) 
Fig. 4 shows the relationship between the parameter a and 
the local oscillator drive X. It is seen that a always lies be-
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tween the limits 0 and — 1. For finite diode series resistance 
r9 and high oscillator drive eqn. 25a tends to the following 
form. 
(25*) 
Figs. 5—7 show the effect of diode series resistance and 
local-oscillator drive on the conversion loss, source resistance 
and load conductance for both methods of design of broad-
band balanced mixers. 
tf id* to5 X) 6 to7 XT" KT 
local-oscillator dnve X 
Fig. 4 The parameter a as a function of local-oscillator drive for 
diode series resistance Q - 18 SI 
X) XT XT K ? »
7 ~~tF ~ X ? 
local osc'da'or drive X 
Fig. 5 Computed conversion loy, (<>r an optimum designed and 
mat>'ted broadband balanced miv* :i>r diode series resistance rt 
0 !Sii 
For a mixer designed to have a minimum conversion 
loss, the parameter 2Af 0 / ( l +*) tends, at high oscillator 
drive, towards a limiting value of 2rb/ir2rs and, provided 
this limiting value is much greater than one, the conversion 
loss defined by eqn. 8 becomes independent of the diode 
series resistance (see Fig. 5). The conversion loss for a 
matched mixer is dependent on the diode-series resistance, 
and Fig. 5 shows that it passes a minimum value before 
reaching a limiting value at high oscillator drive. Examining 
eqn. 12 and Fig. 4 it is seen that, as the parameter a 
approaches zero, the root of eqn. 12 approaches three. 
Computer analysis indicates that this root remains approxi-
mately equal to three for a wide range of local-oscillator 
drive. Using this value for R in eqn. 9b, the local-oscillator 
drive X necessary to obtain minimum conversion loss may 
be shown to be governed by the following transcendental 
equation: 
(26) 
10* I 0 5 10° Hi' 
local oscillator drive X 
10* 103 
Fig. 6 Computed source resistance for an optimum designed and 
matched broadband balanced mixer for diode series resistance rs 
0-18 n 
— - - o p t i m u m 
. matched 
O -30 
I f? 106 I f? 
local oscillator drive X XT 
Fig. 7 Computed load conductance for an optimum designed and 
matched broadband balanced mixer for diode series resistance 
0-18S1 
optimum 
— matched 
The lirriting value of the conversion at high nscML:. «;'\e 
is ds>gevjn. 14, 4-7 dB. 
Fit'* (> and 7 show the effect ot diode sere , ; v : me-
an.! l.»c. '->NciUator drive .V on the source *.o i,\d 
.'"'I'AV!' i : .s WD \Ct)l s'Jh v 
load conductance for both methods of design of broadband 
mixers In both cases the source resistance and load con-
ductance tend to limiting values at high local-oscillator 
drive. 
For a mixer designed for minimum conversion loss the 
limiting values of source resistance and load conductance 
are 
opt 
1/2 
'opt 
1/2 
(27b) 
For a broadband mixer designed to obtain a match at the 
input and output ports the limiting values are 
•m 
4r. 
4/(37r2r.) 
(28a) 
(286) 
Conclusion 
The performance of broadband balanced mixers is influenced 
by the choice of the source impedance at the r.f. port. An 
improvement in the conversion loss is obtained by mis-
matching the r.f. port and, as shown in Fig. 5, a theoretical 
limit of 3 dB can be approached for a large oscillator drive. 
The diode-series resistance does not significantly affect the 
conversion loss provided the diode incremental resistance at 
the origin (rb) is large, a condition normally satisfied by 
Schottky-bamer diodes. The basic problem of achieving the 
theoretical limit of 3 dB at large local-oscillator drive is that 
large values of source impedance are required. 
If fhe source if c!>6>en tc produce rr.atc/.ed conditions at 
the r.f. port, the conversi m loss is not only increased but is 
also influenced by the diode-series resistance (rt) and the 
diode incremental resistance at the origin. The local-
oscillator drive necessary to obtain a minimum conversion 
loss is governed by the transcendental equation (eqn. 26). 
Matching at the r.f. port has an advantage of requiring a 
lower source resistance as compared with a mixer designed 
to produce minimum conversion loss. It is interesting to 
note that the increase of the conversion loss at high local-
oscillator drive for a matched mixer is not due to the diode 
series resistance, as has been assumed, but is actually due to 
the deviations of source resistance from its value to give 
minimum conversion loss. 
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Analysis of bulk waves in surface-acoustic 
wave devices 
Ken'ichiro Yashiro and Naohisa Goto 
Indexing term: Wave propagation 
Abstract: A spurious response due to bulk waves has often been observed in surface-acoustic filters. This 
paper shows how bulk waves are radiated by the charge source on the surface of a semi-infinite piezoelectric 
solid. The expression for each component of bulk waves is evaluated asymptotically, in the form of the 
Fourier integral, by assuming that the observation point is located far from the source in comparison with a 
wavelength. In doing this, the method of steepest descents is used in order to integrate analytically. The 
numerical results aie obtained for rotated K-cut ^ "-propagating LiNbO, and Y-Z LiNb0 3 . These results are in 
good agreement with the experiment reported by Togami and Chiba. 
1 Introduction 
Surface-acoustic waves have been applied to commercial 
television i.f. filters.1 In so doing there are some problems 
such as insertion losses, temperature properties and spuri-
ous response. A spurious response, which may be due to 
bulk waves, is one of the most important problems. There 
are two kinds of effects of bulk waves. One is due to bulk 
waves radiated along the surface by the transducer,2 which 
Paper T 2 7 0 M , first received 5th June and in revised form 29th 
September 1978 
Mr. Yashiro and Dr. Goto are with the Department of Electrical 
& Electronic Engineering, T o k y o Institute of Technology, 
Ookayama, Meguro-Ku, T o k y o 152, Japan 
are detected directly by a receiving transducer. The other 
is caused by waves travelling down into the substrate, which 
can reach the receiving transducer only after reflection 
from the back surface. One may, therefore, use the radi-
ation patterns to qualitatively predict the spurious fre-
quency response from a knowledge of transducer positions 
and substrate thickness. In practice, reflections are often 
either reduced by using absorbers, or deflected away from 
the receiver by roughening or canting the back surface. 
However, bulk waves radiated into the substrate contribute 
to transducer impedance, thus affecting the electrical 
matching. 
The problem of wave motion generated by a source at a 
surface of a semi-infinite solid has been studied by several 
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fllto**-' ' ^ p . - ' . -s ,; >>s k - p t \ a l fccdiuiCk TlV:>t|TcCl 
| S sl in \ it 2 p . , .- ( .• p : I j s c r o J l p u l \Mlh and 
wiili-*!*! • i .k s| v „ - i , • - J . i i in response speed as 
mrl! a* •*• J noise ' 1 , v \ d i>sU Mat ions. Ai a feedback 
level w' « ;,'<-' HI R t . l4v |.,ntvr be ieduced to 10"**. the 
( K l ^ - '""w power cMi!'..ik*d a! a received C'W power of - 3 7 
dBm » » s at least twice a> small as the receiver noise The 
oscillations are thought to be relatively unimportant because 
they arc out of band and appear to be small even at feedback 
levels whc»c the penalty is already large. 
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Fig- 2 Pul\t- distortion caused b\ optical feedback 
\> for Fig. J 
The optical feedback produces a nonlinearity in the optical-
power current curve near the shifted threshold. When the D C 
pias was varied (for fixed modulation voltage) so that the *0" 
Mate passed through the nonlinearity. the B E R passed through 
a maximum. For a feedback level corresponding to a shift of 
2? 0. the contribution to the penalty of this effect at its maxi-
mum, which coincided with r = 0 1 . was estimated to be 0-5 dB 
out of a total penalty of 2 2 dB. 
Conclusion Optical feedback produces several harmful effects 
but the most important appear to be the generation of false T 
states, reduction in the laser response speed and nonlinearity in 
the light/current curve. 
If the magnitude of the power penalty illustrated in Fig. 1 is 
typical of B H laseTS then it may be possible to avoid the use of 
an isolator when the reflected power ratio can be kept low and 
if there are no other substantial contributions to PS. For 
example when rj2R = 0-01 the penalty would be 0-7 dB 
compared to the several dB insertion loss one might expect 
from a production model isolator. 
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I N F L U E N C E O F D I O D E C A P A C I T A N C E ON 
P E R F O R M A N C E O F B A L A N C E D 
M I C R O W A V E M I X E R S 
Indexing terms: Microwatt' circuits. Mixers 
The effect of the diode capacitance parasitics on the perfor-
mance of microwave double balanced lattice mixers, driven 
by a local oscillator having a large internal resistance and a 
current sinusoidal waveform, is examined It is found that the 
current present in the diodes is modified by the diode capaci-
tance and this in turn influences the performance of the 
mixers. To reduce the effect of the diode capacitance on 
the performance of the mixer it is necessary to reduce 
the internal resistance of the local oscillator. There is there-
fore a compromise between the need of a low noise figure, and 
hence a requirement of having a large internal resistance of 
the local oscillator, and the undesired effect on the diode 
current, and hence on the performance of the mixer. 
Introduction: In the analysis of mixers the effect of the diode 
parasitics on the waveform of the local oscillator has usually 
been ignored. Rustom and Howson, 1 using a resistive diode 
model, have confirmed the conclusion reached by Stracca 2 that 
H and G mixers 3 driven by a local oscillator with a large 
internal resistance and having a current waveform are the most 
promising mixer circuits for low system noise figure. This letter 
21 psinuj pt 
Tl 2* 
Fig. 1 
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anu! \ | i ta l l \ examines, {he performance of lattice H mixers 
d m m b> a local oscillator having a current waveform and a 
larg, i n i c i n a l resistance when the effect of the diode capaci-
tance [>uia«itics i*- included. 
l.^ryt \ianal analysis of a Untiu mixer with (apantuih c The 
efTecti\c circuit of a lattice configuration of the four diodes as 
'seen' by the local oscillator is shown in Fig. la. Reducing the 
circuit to that shown in Fig. In. it can be shown that the 
tun en I present in each diode to a first approximation is a 
truncated half-wave rectified sinewave shov.n in Fig. 1c, where 
the angle of truncation is given by 4 
sm2 9t2 = ^\o^[AX2(2i,ny 2] 
where r. = Xerb/4X, Xt is the reactance of the capacitance Ce, 
rb is the incremental diode resistance at the origin and X is the 
normalised current drive ( I , / 2 / J L The resultant current wave-
forms in the 'on' diode may be expressed in the form 
»i = l [ l + S , ( f ) ] / p c o s a V 
and in the off' diode in the form 
(2a) 
h = i [ l + S2{t))Ip cos (opt (2b) 
The two switching functions St(t) and S2(t) are defined as 
f - 1 for - 7 1 / 2 < (Dpt < - 7 T / 2 + 6( 
S,(f) = ] 1 for - i t / 2 + 9{ < iopt < 7t/2 I - 1 for TI /2 < wpt < ln/2 + 0C 
| 1 for - 7 r / 2 < ajpt < n/2 + 8C 
S a ( f ) = J _ i for 7i/2 + 6C< W p t < 3w/2 
(3a) 
(3f>) 
The time varying resistances of the 'on' and off'diodes, taking 
into account the 180° phase difference of the local oscillator 
current at the two pairs of the diodes are 
r + ( f ) = r , + 
r - ( f ) « r , + 
\ + X ( t ) + X(t)Sx(i) 
1 - X(t) + X(t)S2(t) 
where A'(r) = X cos copt. 
(4a) 
(4b) 
Small signal analysis of a lattice H mixer: Using a bisection 
theorem, the equivalent circuit of a lattice mixer is found as 
shown in Fig. 2. In the case of an H mixer, the effective capaci-
tance at the I F port can be incorporated in the parallel tuned 
circuit. The overall circuit matrix [a] for the circuit in Fig. 2 is 
given by 
A + Cr, B + rs[A + D + rsC] 
jUoM - + C [ l + ;(a>M)] A<»M 7 + DV 
rs r* 
(5) 
where a>c = l/Ce rs. Provided ((o/wc) < 1, eqn. 5 reduces to 
A + Cr, rJ[A + D + r$C] 
C D[\ + r j 
(6) 
and the efTect of the diode capacitance C , on the small signal 
analysis can be ignored. Thus a general matrix equation 
describing an H mixer is 
V, I I Zfl„ cos no)pt Zb„ cos na)pt I l i i 
/ I - X b n cos ncu,f Zc„ cos n « V j [ V2 
(7) 
B> evaluating the Fount:; c* .u.-.r^ of ^tn ". r n*..i> be 
shown that the coefficients oi H n. it! i •. • • »^u1 finite 
angle of truncation " r ate gt\en b\ 
n 71 
- r , 
/'is - sin 20 f: h22 - 2 / r 6 2/r 
Fig. 2 
Performance of lattice H mixers: Using the general expressions 
derived by Saleh 3 the performance of the lattice H mixers 
having different terminations at the image port can be readily 
determined. For a lattice H mixer with image open circuit the 
optimum terminations at the R F and I F ports and the result-
ing conversion loss are 
G u „ ^ - [ 1 + ( 2 / K 0 c ) ] 
1 2 (9) 
l » / 2 I + [1 + (2!nBt)\ 
- i + [ f + (2inee)Y12 
For a lattice / / mixer with image short circuit the corres-
ponding equations are 
- - ~ [1 + P A 2 ) ] " 2 
(10) * ± [ i + {3/e})}>» 
rb 
I * + [1 + P / f l 2 ) ] 1 ' 2 
- 1 + [ 1 + ( 3 / 0 e 2 ) ] , / 2 
Finally, for the broadband H mixer, the equations for opti-
mum terminations and conversion loss are 
* [ l + ( 6 ' * 0 3 ) ] " s (11) 
^-opi — 
1 + [1 + ( 6 / T T ^ ) ] 3\1I.'2 
- 1 + [1 + ( 6 / K 0 ? ) ] I ' J 
Conclusion: The main effect of the diode effective capacitance 
is to considerably increase the conversion loss for low local 
oscillator drive and increase in magnitude the required termin-
ations for the three types of lattice H mixers. 
To minimise the effect of the diode capacitive parasitics on 
the performance of a lattice mixer, it is necessary to reduce the 
parameter e. This can be done by lowering the frequency of the 
local oscillator and/or increase the local oscillator current 
drive X. There are, however, practical limitations to both these 
solutions. An alternative method is to allow the effective diode 
capacitance to discharge during the switching action of 
the four diodes by reducing the output resistance of the local 
oscillator. This effect was practically verified usmgan analogue 
model of a high frequency lattice mixer. 
A compromise must be made in practice between the need to 
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have a large outpul impedance of the local oscillator to reduce 
the noise figure of the mixer, as suggested by Howson and 
Stratca. and the need to lower the output impedance of the 
local osuJh.tor so that the angle of truncation of the diode 
current can be i-iinimised. 
E. K O R O l K I E W I C Z 22nd December 19S0 
School of Electronic Engineering 
Faculty of Engineering 
Sewcastlc upon Tyne Polytechnic, England 
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nature of the dielectric w. . .c^iidc feed o f f e r s consul.Table 
ad\aniagcs o\er oilier low cost fabrita! T u .hniques such as 
microstrip. 1 which are e\tr i.i;iel> »ONS\ at millimctnc 
frequencies. 
Antenna configuration: This is shown in Figs. 1 and 2. An 
insular dielectric guide is covered with a further dielectric 
sheet, w hich supports an array of etched dipoles oi patches. 
upper sheet with dipole/patch rodiators 
/ 7 A777 
'IIII NIL 
'III/ llll 
• V 
insular layer 
metallic groundplane ^quartz guides 
868/2 
E X P E R I M E N T A L 30 G H z P R I N T E D A R R A Y 
WITH L O W L O S S I N S U L A R G U I D E F E E D E R 
Indexing terms: Dielectric waveguides. Antenna arrays 
Experimental results of a printed linear array using a low loss 
insular dielectric waveguide feed are presented. The array 
consists of etched dipoles excited by the magnetic field of the 
feed waveguide. Radiation patterns and plots of the field dis-
tributions in the feed waveguide are given, which are in good 
agreement with the simple theory used. 
Introduction: The realisation of a compact antenna system is 
an important addition to dielectric waveguide integrated cir-
cuit technology. The design presented here exploits a low loss 
dielectric waveguide to feed an array of etched dipoles, forming 
a basically slow wave antenna: this should be contrasted with 
leaky wave designs1 also exploiting periodically loaded dielec-
tric waveguides. In the design presented in this letter, the 
dipole radiators are assumed not to perturb the slow wave in 
the guide. This design has potential in the realisation of low-cost 
moderately sized linear and planar arrays, since the low loss 
u p p e r d i e l e c t r i c 
sheet (6 r= 22) 
/ 
z 
dipole pair 
layer quartz 
(c. = 225) guide 
(c,=37) 
m 
metallic 
baseplate 
[B68/T1 
F l f . 1 Linear array of dipole pairs fed by dielectric waveguide 
Fig. 2 Planar array configuration 
Fig. 1 shows the radiators as pairs of dipoles. The Hx compon-
ent of the approximately T M waveguide mode induces a cur-
rent in each dipole, resulting in radiation. The radiation from 
all the dipoles sums to form the desired pattern in the far field. 
The design shown in Fig. 1 uses quartz (c r = 3-8) for the feed 
guide and R T Duroid (c r = 2 2) for the upper sheet supporting 
the dipole pattern. This forms a linear array: a planar array 
would consist of a number of parallel guides fed from an input 
dielectric or metallic waveguide (Fig. 2). 
Theory: The design involves, first, the calculations of the 
waveguide dispersion and, second, the coupling from the 
waveguide mode to the dipoles. The former is done using a 
generalisation of the effective dielectric constant technique. 2 
The presence of the lightly coupled dipoles is ignored. Fig. 3 
shows the calculated dispersion curve; experimental values ob-
I8r 
17 
16 
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13 
12 
11 
i 
10 20 30 AO 50 60 70 80 90 100 
Fig. 3 Calculated dispersion for three-layer structure without dipoh 
Line: 2 mm x 2 mm, tr = 3-7 
Insular layer: 0-25 mm, £ r = 2 25 
Upper layer: 0-51 mm, c, = 2-20 
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A P P L I C A T I O N O F RESONANT C I R C I IT THEORY T O M A T C H I N G 
NETWORKS 
R. ARMSTRONG and E. KOROLKIEWiCZ 
School of Electronic Engineering, sSewcastlc upon Tyne Polytechnic, England 
1 I N T R O D U C T I O N 
In high frequency communication systems, matching the source impedance to 
the load impedance is important, to prevent reflections and consequent 
distortion. Transmitters should transfer the maximum amount of power to the 
aerial, whilst in receiving systems low power levels also dictate maximum 
power transfer conditions. High frequency systems must accommodate modu-
lated signals, and the bandwidth of a matching network must be adequate to 
allow the side bands to propagate. The basic building block of such matching 
networks is the parallel or series tuned circuit. This article shows how the 
theory of resonant circuits may be used to design apparently complex matching 
ne tworks 1 3 . An example is given to illustrate the design process using both 
analytical and graphical methods. From an educational point of view the 
student sees the tuned circuit from a different aspect whilst the graphical 
method of solution is an excellent example on the use of a Smith Chart. 
2 T H E BASIC B U I L D I N G BLOCK 
Consider the problem of matching two resistors, Rs to Rm at a single frequency 
by means of the network shown in Fig. 1(a). As viewed from the terminals AB 
the matching network and the load appear as a parallel circuit as shown in Fig. 
1(b). This network is equivalent to the three-element shunt network of figure 
For matching at a single frequency it is required to choose values of XLl and 
XCJ such that RD=RS and from equation (1) it will be seen that XLl must be 
given by, 
Equation (3) shows that Rs must be greater than Rm to make XLl inductive. 
From Fig. 1(c) the magnitude of XC1 must equal the effective inductive re-
l c ) . 
The dynamic resistance is 
and the equivalent parallel inductive reactance is 
(1) 
(2 ) 
XL1 = <s/Rm(Rs~R*) (3) 
351 
352 
T i 
B 
( a ) 
B 
(b) (c) 
FIG. 1 LC matching section when Rs>Rm and its equivalent parallel network. 
actance at the working frequency and therefore, 
(4) 
The Q factor of the resonant circuit in Fig. 1(c) is defined as the ratio of the 
current IL in the inductance to the current IR in the resistance at resonance i.e.. 
Substituting equations (1) and (2) into equation (5), the Q factor of the resonant 
circuit in Fig. 1(c) is, 
Qx'XLJRm (6a) 
When Rs is connected across AB the loaded Q is given by, 
C 1 L = Gi/2 (6b) 
which determines the bandwidth of the network shown in Fig. 1(c). 
I f the terminating resistance values are specified, then the Q, and hence the 
bandwidth are automatically fixed. Alternatively, from equation (1) with RD 
- Rs it is easily shown that, 
k ^ / V O + Q I 2 ) 
from which Rm may be determined if Rs and Ql are specified. 
To match from a low resistance Rm to a high resistance RL the matching 
network is reversed as shown in Fig. 2 and identical analysis yields, 
(7) 
(8) 
(9) 
1 I 
FIG. 2 LC man lung section w hen Rm<R 
Qi^XL2IRm (10) 
In a majority of high frequency applications it is often necessary to match 
between a complex impedance and 50Q. This can be done readily using the 
above theory. For example, if the source impedance is complex then the R5 of 
figure 1(a) is the effective parallel resistance of the source and the effective 
parallel susceptance is included as part of XCi. Alternatively, in Fig. 2 the 
complex impedance may be regarded as a resistor Rm in series with a reactance 
which is included as part of X u . In both cases the above theory is sufficiently 
general to design the matching networks. 
The range of complex impedances that can be matched to a 50Q load by 
each of the two LC matching networks can be readily obtained 4 and are shown 
in Fig. 3. 
3 71 M A T C H I N G NETWORKS 
For the simple L-C networks analysed in section (2) the bandwidth is automati-
cally fixed by the specified source and load resistances. I f it is required to 
specify the bandwidth in addition, then the n network shown in Fig. 4(a) may 
be used. Such a network also has the advantage of being able to match any 
complex impedances. By splitting the n network into two simple LC sections as 
shown in Fig. 4(b) the value of Rm may be chosen to achieve the desired 
bandwidth. For matching, the required Rm is given by equations (7) and (11). 
R^RJV + Q^RJV + Qi1) (12) 
This equation shows that the node with the highest terminating resistance has 
the largest Q and hence dictates the bandwidth of the system. 
It is shown in the appendix that constant Q curves on the Smith Chart are 
described by the following equation of a circle 
u2+(v+i/02=i+i/e2 (i3) 
where V and jV are the real and imaginary axes on the Smith Chart of the 
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FJG. 3 laj Shaded region shows range oj complex impedance Zs thai can be 
matched to 500. using circuit shown in Fig. J. fb) Shaded region shows range of 
complex impedance Zm that can be matched to 50Q using circuit shown in Fig. 2. 
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FIG 4 n matching section. 
355 
voltage reflection coefficient It is pi K M Mo therefore to use the Sr r ih < ' *in to 
evaluate the elements of lh\ r m.jiching network as shown in the following 
example. 
4 EXAMPLE 
Suppose it is necessary to match an output admittance (0.01 + y'0.02)S of an 
amplifier to a 50O load and the iequired value of Q being 5 at the working 
frequency. 
The output susceptance of the amplifier can be combined with the X n of the 
matching network to produce an equivalent reactance [Xc1) and therefore it is 
only necessary to match J00O to 50O. The Q is associated with the 100O node 
and the desired equations can be used to determine the required elements of the 
matching network as shown below. 
A ' L , = VRJR>~RJ = 19.240 
A L 2 = v / / ? ^ L - ^ J = 1 3 . 3 2 Q 
%C2 —' = 14.450 
L2 
The required elements of the matching network are shown in Fig. 5. 
The values of the elements of the series equivalent circuit of the parallel 
circuit consisting of a 100O resistance in parallel with XCT is given by the 
intersection of the constant Q ( = 5) circle and constant conductance (G = 0.5) 
circle at point A. The required value of XCJ in parallel with the 100O resistance 
is found by moving diametrically opposite point A to point A', which gives the 
admittance values of the elements of the parallel network i.e. G = 0.5 and B 
= 2.57, from which XC1 = 1/2.57 = 0.39 and hence XCT = 19.50. 
The required normalized value of XL is found by travelling from point A on 
the constant resistance circle (0.075) to the intersection of the constant con-
X,r 32.56A 
1 0 0 A 
5 0 A 33.3n 
XL 1 =19.24 'X L 2 = 13.32A 
I 
i — * 
Rm= 3 . 8 5 A 
5 0 A 
X C T = 2 Q 0 A 
FIG. 5 Required elements of the n matching section. 
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6 Design of the n matching section using a Smith chart. 
Point A = 0.075 -j0.38, point A' = 0J + j2.55, 
point B =0.075 + j().256, point B' = 1 -j3.7 and point C = 0.075 + JO. 
ductance (G = 1) circle at point B. The normalized value of XC2 is obtained in a 
similar manner to that already described for XCT, from a point diametrically 
opposite to B i.e. B . 
Renormalizing the results determined from the Smith chart the values of the 
required elements of the n matching section are, 
Rm = (point C), XCT = 19.5Q, X u - 19.0Q, XL2 = 12.8Q, XC2 = 13.50 As 
can be seen, the results obtained using the Smith chart are comparable with 
those given by the analytic method. 
5 CONCLUSIONS 
The aforegoing analysis has shown how parallel resonant circuits form the 
basis of 7i matching networks. The important point is to find the effective 
resistance Rm of the two back-to-back LC sections to give the desired band-
width. I f the source and load are complex the problem is reduced to matching 
resistive elements by combining the effective parallel susceptance with the 
capacitive shunt arms of the matching section. This concept may be used to 
explain how the first capacitive element of the matching network may be used 
as part of the tank circuit in an r.f. amplifier. 
The same principles also apply to tee networks where the central element is 
divided in such a manner as to produce the required bandwidth. In this c.i>e 
the effective resistance Rm will exceed both Rs and RL and tru design equations 
follow directly from the theory of series resonant circuits. 
In an identical manner it is also possible to design matching networks with 
the inductance and capacitance interchanged on either one or both of the basic 
half sections. The choice of the form of the matching network may often 
depend on the nature of the source and load impedance. For example, if the . 
output capacitance of an amplifier exceeds the value of A', in a n matching 
network then clearly the first shunt element of the network must be inductive. 
I t is considered that the results presented in this article give a valuable 
insight into the many apparently diverse matching networks used in practice. 
The graphical solution is another indication of the versatility of the Smith chart. 
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APPENDIX 
The relationship between normalized impedance Z and the voltage reflection 
coefficient p is given by, p=V +jV=-
f + 1 
(Al) 
Equation (Al ) can also be expressed in the form shown below, 
z = r+jx 
•\]-U)-jV 
(A2) 
Hence, 
r = 
\ - U 2 - V 2 
(l-U)2 + V2 
(A3) 
and. 
(A4) 
(\-U)2+V2 
The Q of a circuit is defined as, 
Q-x/r 
and hence from equations (A3) and (A4) it can be shown that, 
35* 
i \ 5 l 
which is an equation of a circle of r;-dius 
Q 
and centre V = 0 and 
V=~ \ Q. 
In a similar manner it may be shown thai when dealing with admittance 
equation ( A5) is modified to, 
I V 1 
U2 + { V - - = 1 + — 
Q Q 
(A6) 
which is a circle centred on, 
C'-Oand K = + -
ABST RACTS E N G L I S H , F R E N C H , G E R M A N , SPANISH 
Application of resonant circuit theory to matching networks 
A wide variety of matching networks are used in high frequency communication systems and this 
paper shows how such networks can be conveniently designed using the theory of resonant circuits. 
A graphical method is also included which provides a valuable insight into the properties of the 
Smith Chart. 
Application de la theorie des circuils resonnants aux reseaux adaptateurs 
Une grande vahete de reseaux adaptateurs est utilisee dans les syslemes de communication a haute 
frequence. Cet article monlre comment de tels reseaux peuvent etre calcules de facon commode par 
la theorie des circuits resonnants. Une methode graphique utilisee donne en outre un precieux 
apercu des proprietcs de l'abaque de Smith. 
Annindung der Resonan?kreisthi'orie auf Anpassungsnetzwerke 
Eine grosse Vielfah von Anpassungsnei?werkcn wird in Hochfrequenz-Fernmeldesystemen 
verwendet; diese Arbeit zeigt, wje derartige Netzwerke bequem bei Benutzung der Theorie von 
Resonanzkreiser) entworfen werden konnen. Ferner wird eine graphische Methode angegeben, die 
einen wertvollen Einblick in die Eigenschaften des Smithschen Leitungsdiagramms gibt. 
Aplicacion de la teoria de circuitos resonanies para redes de acoplamiento 
Una amplia variedad de redes de acoplamiento se utilizan en los sistemas de comunicacion de 
aha frecuencia. En este articulo se muestra como tales redes pueden calcularse apropiadamente 
utilizando la teoria de circuitos resonantes. Se incluye un metodo grafico que proporciona una 
valiosa profundizacion en las propiedades de la carta de Smith. 
Fundamental limitations in performance of a 
resistive lattice H mixer 
B . L J . Kulesza, Dip.E.E., Ph.D., C.Eng., M.I.E.E., and E. Korolkiewicz, M.Sc. 
Indexing terms: Grcuit theory and design, Microwave circuits and networks. Microwave comfxtnents. 
Mixers 
Abstract: The main objective of the paper is to present in one place al) the performance curves for the various 
modes of operation of the resistive lattice H mixer. Four distinct cases are considered; two narrowband 
mixers with open- and short-circuit terminations at the image frequency, and two broadband circuits with 
matched and mismatched conditions at the R F port. The design formulas are tabulated, and the expected 
minimum conversion power loss, as well as the optimum terminations required over a wide range of oper-
ational levels, are plotted for each type of mixer. 
1 Introduction 
Single-balanced two-diode and double-balanced four-diode 
lattice mixers are usually preferred to single-diode circuits for 
high-frequency applications, as they generate less unwanted 
harmonic products, and therefore reduce associated filtering 
problems. They also have the advantage of reducing the noise 
contribution from the local oscillator and eliminating the de-
coupling problems associated with the local oscillator circuit 
at the RF port of the mixer. A double-balanced lattice mixer 
has a further advantage, in that inherent separation of odd and 
even harmonic products is obtained, which further reduces 
filtering problems [ 1 ] . The disadvantage of a more compli-
cated diode circuitry for multidiode mixers, especially at 
microwave frequencies, has largely been overcome by modem 
MIC technology [2—4]. In fact, a X"-band double-balanced 
lattice mixer has recently been constructed using a combin-
ation of microstrip lines, slotlines and coupled slotlines, 
thereby eliminating the crossing problem of transmission lines 
[5J. 
When an RF signal is mixed with a local oscillator a whole 
spectrum of harmonic modulation products are generated. 
Using perturbation methods, it is possible to analyse a non-
linear circuit in terms of a number of equations, each corre-
sponding to the harmonic modulation product present [6-9] . 
An alternative method to the classical frequency-domain 
analysis of mixers has recently been suggested [10-12] , using 
a time-domain approach to obtain the scattering matrix of the 
complete mixer. Whichever method is used, the total power 
available in the harmonic modulation products can never be 
greater than that generated by the RF source [13] . Conse-
quently, the local oscillator power necessary to drive the non-
linear elements is not available as the output power at any of 
the harmonic modulation product frequencies generated. To 
improve the performance of a mixer, it is essential to ensure 
that unwanted harmonic modulation products generated 
within the nonlinear elements are not allowed to dissipate 
power externally or internally. The most important parasitic 
is the image frequency component, so named because of its 
relative position to the signal in the frequency spectrum. As its 
magnitude can be comparable to that of the signal, and unless 
its dissipation is reduced, high efficiencies of conversion are 
not possible. 
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It is generally accepted that mixers are classified according 
to the kind of termination the image frequency component 
'sees'. For resistive mixers there are three special cases, called 
the broadband' the 'narrowband open-circuit' and 'narrow-
band short-circuit' mixers. In the broadband circuit the 
resistive components of the terminations at the input are 
identical at signal and image frequencies. In the narrowband 
cases the termination at the image frequency is either infinite 
or zero, i.e. open circuit or short circuit. 
Stracca [14] has considered the performance of balanced 
mixers when the local oscillator is coupled to the diode 
through a series resonator. The resonator presents a high im-
pedance to the local oscillator harmonics, and so the mixer is 
pumped by a sinusoidal current. He showed that an improve-
ment in the conversion loss can be obtained i f a mixer is 
pumped by a sinusoidal current waveform rather than a sinu-
soidal voltage one. Rustom and Howson [15] have also investi-
gated the mixer noise figure of Z , Y, G and H mixers, according 
to the Saleh classification [9] , using an improved resistive 
diode model. 
A computer-based analysis confirmed the conclusion 
reached by Stracca, that H and G mixers having a local oscil-
lator current drive are the most promising mixer circuits i f it is 
desired to obtain a low system noise figure. 
A variety of diode models are generally used in the analysis 
of mixers, ranging from that of an ideal diode (having zero 
forward resistance and infinite reverse resistance), a bilinear 
diode (with finite forward and reverse resistance), and an ideal 
exponential diode where the effect of the diode series resistance 
is neglected. It can be shown that the diode series resistance 
has a profound effect on the harmonic generator properties of 
a diode. By restricting the local oscillator to a sinusoidal 
current drive, this paper examines the performance of resistive 
lattice H mixers, where the effect of the diode series resistance 
has been included, analytically (as compared with the usual 
computer-aided analysis using various numerical techniques). 
In the general analysis of mixers, three distinct cases are nor-
mally considered: two narrowband (image open- and short-
circuit) mixers, and a broadband mixer designed to obtain 
minimum conversion loss. In this paper, a fourth case is 
included where a broadband mixer is analysed with matched 
conditions at the RF and IF ports. 
2 Analysis 
A basic circuit of a lattice H mixer, according to the Saleh 
classification [ 9 ] , is shown in Fig. la . Assuming inherent 
separation of the odd and even harmonic modulation products 
[ 1 ] , such a mixer may be described by the following general 
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matrix equation: 
*1 
n odd n even 
T cn cos ncjpt £ dn cos no>pt 
nodd o even 
0) 
To evaluate the coefficients of the above equation, consider 
the circuit as *seen' by the local oscillator, shown in Fig. lb. 
Let the mixer be pumped by a sinusoidal current 
i = 2lp cos upt (2) 
The current i D flowing through each diode of the mixer is 
given by 
(D = H 1 + *(0> cos Upt (3a) 
where s(t) is the switching function, defined as 
S(t) = - (COS 03pt ~ \ cos 3copt + . . .) (3*) 
The voltage v developed across the terminals of a diode, using 
the practical diode law, can be expressed in the form 
v = i D r , + -{hi (1 + i 0 / I , ) } 
cr 
(4a) 
where r9 is the diode series resistance, and a and / , are the 
diode parameters. The time varying resistance of the pumped 
diode, using the above equations, is given by 
rb dv_ 
f W * diD ~ + 1 + X(t) + X(t)s(t) 
where 
rb = 
dv 
din 
X(t) = X COS LOpt 
and 
X = Ip/2f9 
Substituting eqn. 4b into eqn. 1, and taking into account the 
180° phase difference of the local oscillator between the two 
Fifl. 1A Four-diode lattice H mixer 
= 21 p cos qjpl cup 
Fi«. 18 Equivalent lota! os< illaror tinuit 
42 
pairs of diodes, the following equation can be obtained, pro-
vided rb > r9 
X{t) 
1 + X(t)s(t) 1 + JT(/)j(f) 
*2 
(5) 
For the H mixer, filters placed at the RF and IF ports restrict 
the input current l x to RF and image frequencies, and the 
output voltage V2 to intermediate frequency only, i.e. 
Ii = I q cos cjqt + / - 2 cos (2CJP - 0Jq)t (6a) 
and 
K 2 = K_! cos (CJ P — co a)r <fib) 
Substituting eqns. 6a and b into eqn. 5, and performing a 
frequency balance operation at a; a, 2 C J P — c j q and cop — c j q , 
the following three-port matrix is obtained: 
V-2 his 
h\2 
hii 
hit 
ht* 
~hl2 
hu 
k ] 
y-i 
/-a 
(7) 
The elements o f the above three-port matrix are the Fourier 
coefficients of the time-varying parameters in eqn. 5 and can 
be shown to be [16J 
h u - 2/?r 
- # 
*i3 * ^ ( 2 - J n 2 A T ) 
I f the image termination is defined as R-2, then 
K2 = 
(8) 
(9) 
Substituting eqn. 9 into eqn. 7, the following two-port matrix 
equation describing the mixer is obtained: 
(10) 
[ Hu k 1 
H n 7-i 
where 
# n = * n { l - a 2 / ( l + * ) } 
# 1 2 = A12 { 1 - J / ( 1 +/?)} 
#22 = ^22 ( l + ^ o / O + U l ) 
and 
= h]2lhnh22 
R = 
3 Performance parameters of lattice H resistive mixer* 
The conversion power loss (cpl) of a mixer is defined as 
. . . . available RF power 
Cpl ~ 101og l 0 — - 5 -
output IF power 
- 1 0 l o g l 0 £ 
(12) 
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For the H mixer, using eqn. 10, it can be shown that 
L = K * , + # I I ) ( C L + / * 3 I ) + " I M 2 
W \ 2 R f i L 
(13) 
where Rt is the source resistance at the RF port and GL is 
the load conductance at the IF port. 
One method of determining the necessary terminations at 
the RF and IF ports to obtain minimum conversion loss is to 
set the derivatives of eqn. 10 with respect to Rt and GL to 
zero. This results in the following general equations: 
C L o p t = «n0 + K) 
1/2 
1/2 (14) 
1/2 
I 
where 
min 
1 + ( 1 +K) 
- 1 + ( 1 + K ) m 
K — #12/#11^*22 
It can also> be shown that, provided the H coefficients are 
independent of Rt and GLL then the above equations also 
correspond to the condition that the mixer is simultaneously 
matched at the RF and IF ports, i.e. 
IN and G*<opt ~ GOUT 
where RIN is the input resistance and GOUT LS t r , e output con-
ductance of the two port network defined by eqn. 10. 
Examining eqn. 11, it can be seen that the H coefficients 
are independent of Ra and GL only for /?_2 = «> or /?_2 = 0 . 
Substituting eqn. 11, for the two conditions, into eqn. 14, 
general performance parameters for the two narrowband 
mixers can be obtained, and these are given in Table 1. 
For a broadband mixer, however, /?_2 == Rt, and hence the 
H coefficients are a function of the source resistance. Setting 
the derivatives of eqn. 13 with respect to RL and GL to zero, 
and using eqn. 11, it can be shown that, to obtain minimum 
conversion loss, the necessary terminations at the RF and IF 
ports are 
'opt 
'opt 
A „ ( l + a ) ( l + A ' B ) , / J (15) 
where 
KB = 2K 0 / (1 + * ) 
The resulting expression for the conversion loss is then 
2 { H - ( 1 + * B ) I / 2 } (16) 
Considering eqns. 15, it can be shown that, when the broad-
band mixer is designed to obtain minimum conversion loss, the 
mixer is matched at the IF port but mismatched at the RF 
port. This conclusion is in agreement with Kelly [10] , who 
analysed a genera] mixer using a time-domain approach, 
assuming that the diodes are perfect, i.e. having zero forward 
resistance and an infinite reverse resistance. The requirement 
of mismatching the RF port in the case of a broadband mixer 
is therefore valid whether the mixer is regarded as lossless or 
not. This condition results from the fact that the coefficients 
of the two-port network are functions of the source resistance. 
I f the diodes in the lattice mixer are assumed to be approaching 
ideal, the parameter KB becomes much greater than one, so 
that Lmin - 2 and CPL = 3dB, as predicted by Kelly using 
time-domain analysis and Torrey and Whitmer [8] using 
frequency-domain analysis. 
An alternative method of designing a broadband mixer is to 
obtain matched conditions at the RF and IF ports. Using eqns. 
11 and 14, it can be shown that the RF port is matched i f the 
source resistance is 
R1N = R, = h n {1 -a2l(\ + * ) } { ! +Km) 1/2 (17) 
where 
Km = l + t f 0 / ( l + / c ) \\-a21(1+R) 
Table 1 
Mixer 
Parameter 
Narrowband image 
open-circuit {R_3 = «») 
Narrowband image 
short-circuit (/?„, = 0) 
Broadband mixer 
mismatched at the 
R F port (A?., = Rg) 
Broadband mixer matched at the 
R F port </?_, = RB) 
Minimum 
conversion 
loss 
Optimum 
source 
resistance 
Optimum 
load 
conductance 
K . 
KB 
R = 2 
1 + n + / c 0 ) , , J 
- 1 + (1 + K 0 ) 
/>„<1 + * 0 > ' 
ti]9/htthJ7 
1/2 
1 - H 1 4 K T ) 
- 1 + (1 + K 9 ) 
Ml 
1 / J 
( l+V 0 ) ( l + a) 
2 { l + (1 + K B ) } 2 
- 1 + (1 + K B ) 
A M { 1 + « M 1 +KB)ut h u h 
2K 0 /<1 + « ) 
m> 
/ > „ 0 + K 0 ) < 1 + / C m ) " 2 
1 + /C 0 / ( 1 +R) 
[1 - a / ( 1 + R))> 
1 - a a / ( 1 + R) 
+ a J ) < a - 1 ) 
cos<»/3) and cosg = + 3 ) f e _ 
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and results in the following quartic expression in /* : 
(1 + K)4 4- (K0 - 2)( 1 + Rf - 3*o ( * + 1) + < 1 + R) x 
{ 2 j + *o( t f4-f l )} + a a { * o ( l - 2 f l ) - a a } = 0 (18) 
For practical diodes the parameter K0 > 1, so that the value of 
/ I is given by [17J 
* = 2i^f^f cos (9 /3) ( , 9 ) 
where 
V57( l -q») ( a - l ) 
C O S t f - { ( a + 3 ) ( < , - l ) } « 
The particular performance parameters for the narrowband 
and broadband H mixers are summarised in Table 1, and are in 
agreement with the general forms derived in other papers [8, 
9, 17). Hines [11] initially cast doubts on the validity of the 
frequency-domain analysis of mixers, attributing errors to in-
admissible matrix truncation. However, in his recent paper 
[12J he showed that the time-domain and frequency-domain 
approaches produce similar results provided the same con-
ditions prevail. He further showed that it is possible to obtain 
low losses in two-frequency single-diode mixers, in which all 
other responses are reactively suppressed. To obtain this con-
dition, the impedance presented to the local oscillator must be 
much greater or much smaller than that of the two signals 
(RF and IF) . For a lattice mixer this is obtained inherently as, 
at any instant of time, two diodes in parallel are always lower 
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Fig. 2 Minimum conversion power for narrowband mixers 
a Narrowband open-circuit mixer 
b Narrowband short-circuit mixer 
than that to the two signals. Consequently, as discussed in 
Section 4, i t is possible to obtain low conversion loss in the 
case of the narrowband image-open-circuit lattice mixer. 
4 Narrowband mixers 
Complete rejection of the image frequency current at the RF 
port of the mixer, using conventional filter techniques, can 
never be obtained in practice. However, this type o f mixer still 
offers the best possibility of a very efficient convertor. Even at 
low signal-to-image current ratios, conversion losses below 
3dB are theoretically attainable. The performance of the 
open-circuit mixer can be obtained by letting the image 
resistance R-2 tend to infinity in the general expressions for 
the H parameters of eqn. 11. The resultant expressions, de-
scribing the performance of the open-circuit mixer, are shown 
in Table l .For practical mixers, because hnh22 <h\2 t K 0 > 1, 
and further simplifications are possible, which eventually 
leads, at high drive levels, to 
and 
L m i n ~* l - i r v l W h e r C r* = ^ ( 2 0 ) 
For a narrowband image short-circuit (R.2 = 0), although 
there is no dissipation at the image frequency externally (zero 
voltage), greater losses are incurred within the lattice of the 
mixer for nonideal diodes, i.e. r't ¥= 0. Using the general 
equations given in Table 1, it can be shown that the limiting 
values of the terminations at the RF and IF ports, and 
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Fig. 3 Optimum normalised source resistance for narrowband 
a Narrowband open-circuit mixer 
b Narrowband short-circuit mixer 
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resulting 'inversion loss at laiee drive, are 
R 
'opt R 7TT 
min ~* > S ( 7 . 6 d B ) C D 
The performance* of the narrowband 'mixers arc shown in 
Fifc-'v 2 4. u i th normali>eJ toss resistance of the diodes r' as 
the runiiinu' paiameiei. and the optimum letminations nor-
nulHcd w i th iespeci m r f e (R's=Rs/rb and R'L ^ R J r b ) 
where vcrv low losses are predicted for the image open-circuit, 
as can be seen f rom Fig. 2a. The plot shows clearly that below 
a certain value o f r't (e.g. 1 0 " 5 ) the reduction in the conversion 
loss is negligible and may not jus t i fy the additional search and 
expense for lower loss diodes. In the case o f image short-
circuit there is a minimum o f conversion loss, which occurs at 
certain drive levels, owing to the internal optimisation process. 
ic 10' 10" 10 10 
drive level ratio J X | 
1 0 9 
I O io io 
d n v e eve! rat io , |Xj 
10 
Fig. 4 Optimum normalised load resistance for narrow band mixers 
a Narrowband open-circuit mixer 
b Narrowband short-circuit mixer 
The following transcendental equation defines the necessary 
drive to obtain minimum conversion loss 
(22) 
The conversion loss for this type of mixer, in general, is greater 
than for the one with image open-circuit. 
5 Broadband mixers 
It is normally difficult to approximate the ideal open or short-
circuit conditions for the image frequency components in 
practical mixers. The problem becomes even more acute when 
the RF signal lies in the microwave frequency range (e.g. 
I0GH/) . and low values of IF are employed (e.g. 70,45 or 
3(1 M i l / ) . Very often, therefore, because of relatively wide 
handwidths o f piactical fil lers, the impedance p joen tcd to t in 
linage frequency components max be ver\ cl-»>e lo or equal in 
value to the terminating impedance at the RF signal tre-
queney. The mixeis which satisfy this latter equal impedaiue 
aie known as broadband or double-sideband mixers. 
. One method of design o f a broadband mixer is to produce :i 
mismatch at the R F port in order to obtain minimum con-
veision loss. l Tsing the general relationship .shown in Table 1, 
the l imiting values of terminations and the resulting conversion 
loss for large local oscillator drive are shown below: 
opt 
nun 
7T 
' l - T r x / r T 
R 
2 ( 3 d B ) 
The alternative approach in the design o f a broadband mixer is 
to obtain matching conditions at the RF and IF ports. Equating 
the signal and image terminating impedances, i.e. Rs = R-2> 
results in a reduced cubic equation (eqn. 17) f rom which the 
value o f the optimum source resistance at the RF port is 
finally determined. 
For this mixer there is also a minimum o f conversion loss, 
which occurs at certain drive levels and is defined by the trans-
cendental eqn. 22. For large local oscillator drive the optimum 
terminations at the RF and IF ports and the resulting con-
version losses are 
R. 
'opt 4n 
L m i n -> 4.7 dB 
The effect o f the diode series resistance and the local oscillatoi 
drive on the normalised RF and IF resistance, and the con-
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Fig. 5 Minimum conversion toss for matched and mismatched broad-
hand mixers 
a Broadhand mixer (matched case) 
b Broadband mixer (mismatched case) 
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version loss for the matched and mismatched broadband 
mixers, is shown in Figs. 5-7 . 
6 Conclusions 
The performances of the practical lattice //mixers considered 
in this paper will depend to a large extent on the quality of 
10 10 10 10" 10' 10" 10" 
drive level ratio , |X| 
10" 10 
b 
10 10 10 10 10 
drive level ral io , |Xl 
matching difficulties i f used with existing practical systems. 
Although this type of mixer is less likely to be considered, in 
practice, i t is an interesting case as it displays an optimisation 
process that takes place within the lattice network of diodes. 
Broadband mixers may find wider applications in com-
municating systems, especially where large bandwidths are of 
importance. The performance will depend on the choice' o f 
terminating resistance at the RF port. When matching con-
ditions at the RF and IF ports are maintained, the conversion 
drive level ratio , |X| 
10 10 10J 10° 10' 10 
drive level ratio, |X| 
8 i o -
Fig. 6 Optimum normalised source resistance for matched and mis-
matched broadband mixers 
a Broadband mixer (matched case) 
b Broadband mixer (mismatched case) 
Fig. 7 Optimum normalised load resistance for matched and mis-
matched broadband mixers 
a Broadband mixer (matched case) 
b Broadband mixer (mismatched case) 
the imbedding networks employed. In every case, an assump-
tion was made that the frequency-selective terminations were 
ideal and nondissipative outside the required frequencies. To 
simplify the analysis further, the effect of the diode and 
circuit parasitics was assumed to be negligible at the fre-
quencies of interest. I t is apparent, therefore, that only with 
such constraints would these special cases have predicted input 
and output impedances which are purely resistive and a mini-
mum conversion power loss when the mixer works between 
optimum terminations. 
The narrowband image open-circuit mixer theoretically 
offers the lowest conversion loss at practical local oscillator 
drive levels, i.e. for X between 10 4 and 10 6 . It can also be 
shown that, even at the image current rejection ratio of 4:1 
with conjugate optimum terminations, loss below 2dB is 
still possible. A useful practical feature of this type of mixer 
is that the ratios of the optimum input and output impedances 
remain reasonably constant for any drive level. As the drive is 
increased, however, the absolute values of the required termin-
ations become lower. 
The predicted performance of a narrowband short-circuit 
mixer does not compare favourably with the performance in 
the open-circuit case. Apart from the higher conversion power 
losses at similar operational levels, the required optimum ter-
minations are much lower. This latter fact could create 
power loss plot also shows the presence, although somewhat 
reduced, of the optimisation effect previously encountered 
in the narrowband short-circuit case. An improvement in the 
conversion loss is obtained i f the mixer is mismatched at the 
RF port, and, as can be seen, the optimisation effect dis-
appears; whether a troublesome mismatch at the signal is 
worthwhile in order to gain a lower loss will depend on the 
merit of individual applications and the frequency of oper-
ation. In both cases, with lossless diodes at infinite drive, the 
conversion loss reaches a theoretical limit of 3 dB. I f the diode 
is considered as having exponential characteristics and zero 
series resistance, then the results obtained for the mixers 
designed for minimum conversion loss agree with those ob-
tained by Saleh. 
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